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Chapter 1  
Introduction to Organic-Inorganic Hybrids 
 
1.1 Hybrids? The Best of Both Worlds  
According to the Oxford English dictionary1 a hybrid is a system that is “Derived 
from heterogeneous or incongruous sources; having a mixed character; composed 
of two diverse elements; mongrel.” In practice, the term hybrid is used to denote 
(biological) inbreed, cars, laptops2 and (of course in the Netherlands) bikes.3 Also 
within physics and chemistry “hybrid” is used in various contexts. It can refer to 
theoretical models4 as well as macroscopic multilayer devices5 and composites. In 
this thesis we use the term “organic-inorganic hybrids” for crystalline materials that 
combine inorganic and organic constituents on a molecular scale. 
Organic materials consist mainly of the elements carbon and hydrogen, with the 
possibility of additional nitrogen, oxygen and sulfur. Those elements are denoted 
with the black circle in figure 1.1. They are the main ingredient of living species, 
from cellulose to hormones and fats! Organic materials also have many industrial 
applications, such as plastics and dyes. The raw organic materials that are used for 
these applications are (indirectly) deduced from natural organic sources such as 
petroleum. The organic materials are mostly used in applications that require easy 
processing, low costs and flexibility. Those three unique parameters triggered 
research efforts to fabricate organic materials that are suitable for electronics. In 
the last years the first organic electronic applications came on the market in 
(flexible) displays6 and organic light emitting diodes (OLED).7   
Inorganic literally means not-organic. The inorganic elements cover most of the 
periodic table, see figure 1.1. Inorganic materials often need high-tech and high-
power equipment to be processed. However their robust and high-performance 
electric and magnetic properties are unequalled and therefore the inorganic 
materials are extensively used in conventional electronics.  





Figure 1.1: The periodic table of elements. The elements in the black circle are the basis for 
most organic materials. In principle, all other elements are referred to as inorganic. The 
dark grey oval denotes the most relevant magnetic ions and the light grey oval marks the 
halogen atoms, which are used in the hybrids that are subject of this thesis. 
 
In this thesis we present the synthesis and characterization of organic-inorganic 
hybrids, in which it is tried to combine the best of both the organic and the 
inorganic materials. We explore the possibilities of organic-inorganic hybrids for 
electronic applications and focus on the design of materials that combine solubility 
with ferromagnetism and semiconductivity. Those materials could be of interest for 
applications in cheap and printable single-use electronics that require both data 
storage and data processing. Moreover, this combination of unique parameters is 
rarely observed in conventional materials and is therefore, also from a 
fundamental point of view, an interesting place to start the exploration of the field 
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1.2 Classification of Organic-Inorganic Hybrids 
In this thesis we discuss crystalline hybrids that combine inorganic and organic 
materials on a molecular scale. But even this subclass of organic-inorganic 
materials consists of a tremendous number of materials. Before we get lost in the 
complexity and diversity, we will classify the hybrids on the basis of the model of 
Cheetham et al.8 They proposed a classification system based on connectivity of the 
inorganic and organic components inside the crystalline hybrid material. Only 
covalent and ionic bonds are counted in this system and all others, such as 
hydrogen bonds and van de Waals bonds, are ignored. The classification system is 
tabulated in figure 1.2. The In denotes the dimensionality of the inorganic 
connectivity. Thus when a material belongs to the I2 group, the inorganic 
component has an infinite 2 dimensional connectivity and will form sheet-like 
arrays. The On denotes the metal-organic-metal connectivity.  For example, the O3 
group consists of materials, in which the metal is bound to another metal via the 
organic molecule in all three dimensions. The classes of I0O0, I1O1 and I0O2 are 
schematically represented in figure 1.3. The square denotes the inorganic moiety 
and the circle the organic component. The black lines indicate an ionic or covalent 
interaction.  
 
Figure 1.2: The Classification of the crystalline organic-inorganic materials as proposed by 
Cheetham et al.
8
 The materials are classified on the basis of the dimension of the inorganic 
connectivity In and the dimension of the metal-organic-metal connectivity On. The n 
denotes the dimensionality of the connections. This table is adapted from Cheetham et al.8  
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The largest class is the I0O0 category, it consists of all organic-inorganic molecular 
complexes. The class includes al metal ions that are coordinated by organic 
molecules such as hemoglobin and ferrocene. In general there is little connectivity 
between the metal centers, neither directly nor via the inorganic and organic 
ligands, and therefore the long range magnetic order can not be maintained inside 
these hybrids. Nevertheless, electronically interesting properties have been 
obtained in this class of materials, such as the superconductivity in charge-transfer 
salts; The I0O0 hybrids based on the organic components BEDT9 or Bucky-balls have 
transition temperatures as high as 40 K (Cs3C60).
10 The latter is also often regarded 
as a doped organic material instead of an organic-inorganic hybrid, as the isolated 
Cs ions only function as charge compensation. 
The I0On (n≥1) subclass is often referred to as coordination polymers. These are 
called polymers as they consist of endless [metal-organic-metal-organic] arrays in 
at least one direction. Unlike conventional polymers, these coordination polymers 
are not disordered but they form crystalline materials. Another difference with 
conventional polymers is the connectivity: traditional polymers are mostly 1-
dimensional while the coordination polymers can be 1, 2 and 3 dimensional. 
Depending on the size of the organic component the inorganic properties, such as 
magnetic order, can be reflected in the hybrid material.  
 
Figure 1.3: Schematic representation of three examples of organic-inorganic hybrids. The 
squares and the circles denote the inorganic and organic components respectively. The 
materials are classified in accordance with the model of Cheetham et al.8 These pictures 
assume no connection in the direction perpendicular to the depicted plane.       
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Especially for very small organic “spacers” such as the C-N in Prussian blue11 
M1M2(CN)6 (M1 and M2 are transition metals), there is communication between 
the magnetic ions and long range magnetic order is obtained with ordering 
temperatures as high as 70 K.12 Throughout the literature, the Prussian blue 
compounds are regarded as hybrids that belong to the I0O3 class. However, it is 
disputable if such a small organic spacer justifies the term “organic molecule”. 
After all, inorganic metal oxides are inorganic atoms connected with the organic 
atom: oxygen, but they are definitely not part of the organic-inorganic hybrids 
family. In this thesis we restrict organic molecules to moieties with 3 or more 
atoms, and thus we do not consider the Prussian blue analogues as hybrids. 
Hybrids of the I0On subclass with large organic molecules form porous structures in 
which the magnetic interactions are small. In this context, the coordination 
polymers are often referred to as Metal Organic Frameworks (MOFs). These porous 
coordination polymers are currently being investigated for their interesting gas 
separation and hydrogen storage properties.13  
In the search for a soluble ferromagnetic semiconductor, we focus on the I1-3O0 
materials. In this class of organic-inorganic materials there is a direct connection 
between the inorganic moieties that allows for strong magnetic interactions. 
Therefore, those materials are the best candidates for showing long range 
magnetic order with high ordering temperatures.  
 
1.3 Magnetic Organic-Inorganic Hybrids [I1-3O0] 
In this section we will give a short review on the magnetic properties in the InO0 
organic-inorganic hybrids (n=1, 2, 3). Their strong magnetic interaction allows 
magnetic ordering temperatures that are accessible for electronic applications. In 
the inorganic-network-hybrids, I1-3OO, the magnetic ions are in close proximity of 
each other. Strong magnetic interactions are facilitated by direct and 
superexchange paths. In this review we will we also include the carboxylate, 
sulphonate, nitro and phosphonate bridged inorganic networks, because of the 
small distance between the metal centers, although they are, strictly spoken, 
coordination polymers. This overview is based on the reviews given by Cheetham 
et al.8, 14 and Rabu et al.15 
 




Intercalates consist of sheet-like inorganic guest materials. Under certain 
conditions, these layers move apart and organics can be inserted between the 
layers, as is schematically shown in figure 1.4. Probably the most famous 
intercalation compounds are clays16 (2-D silicon-aluminate frameworks) and 
graphite (2-D carbon framework).17, 18 Also magnetic intercalation hosts are known 
that are based on phosphorous trichalcochenides (MPS3) (with M=divalent 
transition metal).15, 19 In these materials, the host consists of divalent metal ions 
that are interconnected via (P2S6)
4- bridging ligands. It can be intercalated by any 
positively charged cation, this charge is compensated by the introduction of metal 
vacancies in the inorganic host layers. The host material based on Mn2+ is 
antiferromagnetic below 78 K. An external magnetic field perpendicular to the 
inorganic sheets induces a spin flop at a 40 Oe (= 4*10-3 Tesla).20 In its intercalation 
compounds weak ferromagnetism is observed with ordering temperatures ranging 
between 15 and 45 K.15 The lowering of the ordering is due to the introduction of 
metal vacancies that dilute the spin lattice. The FePS3 orders at 123 K, but is much 
harder to intercalate than the Mn-based material. These intercalates show 
ferrimagnetic ordering temperatures between 70 and 90 K.   
Also the transition-metal dichalogenides21, 22 have the possibility to intercalate 
organic molecules. The inorganic host materials have been extensively studied.23, 24 
They are semiconducting, semimetallic and sometimes superconducting. Magnetic 
ordering temperatures as high as 140 K are reported.25  
 
Figure 1.4: A schematic representation of the intercalation process. The black squares 
denote the inorganic and the circles the organic component. The intercalation compounds 
consist of an inorganic sheet-like host material (left). The added organic molecules 
penetrate between the inorganic sheets to form the organic-inorganic hybrid (right).  
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The dichalcogenides can be intercalated with various organics, such as 
alkyldiamines.21 The intercalation processes and electric properties of the organic-
inorganic intercalates are well documented.21 Although the organic-inorganic 
intercalates are expected to show high magnetic ordering temperatures, few 
magnetic studies have been performed.21 
 
1.3.2 Oxygen Bridged  
In the oxygen-bridged inorganic network hybrids the magnetic divalent transition-
metals are interconnected by phosphonate, carboxylate, nitro or sulphonate 
groups, see figure 1.5. In most cases the metal ions are surrounded by an 
octahedron of oxygen atoms. Each of those oxygen atoms is coupled to another 
oxygen atom that is part of a different octahedron via an N, S, C or P atom. This 
intermediate N, S, C or P atom is connected to an R group that consists of an 
organic moiety ranging from an individual hydrogen atom to larger organic 
molecules, such as alkyl chains26 or benzene rings.15 In this way, a wide variety of 
inorganic network hybrids can be formed, mostly with 2-dimensional inorganic 
arrays.  
 
Figure 1.5: The various bridging groups of the organic ligands used in the oxygen bridged 
organic-inorganic hybrids. The sulphonate and phosphonate groups can bridge 3 metal 
centers (M). The nitro and carboxylate bridging ligands can bridge 2 metal centers. The R 
denotes a variable organic molecule. 
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In some cases, hydroxyl-ions or water molecules are present in the material to 
bridge the metals in the directions that are sterically out of range for the large 
bridging molecules.  
In the oxygen-bridged hybrids, long range magnetic ordering occurs with transition 
temperatures up to 65 K.8 The magnetic exchange is based on superexchange 
interactions that are mediated by the bridging atoms. Therefore, the type of 
magnetic order depends on the metal ions involved and on the Metal-Oxygen-
Metal angles. The highest ordering temperatures are observed for the hybrids 
based on carboxylates such as Co5(OH)8(chdc) (chdc=trans-1,4- 
cyclohexanecarboxylate), which is ferrimagnetic27 below 60 K and the AFe2(ox)3 
(A=N(propane)4
+ and ox=oxalate) that orders ferrimagnetically below 48 K (due to 
the coexistence of both Fe2+ and Fe3+).15 
 
1.3.3 Halide Bridged  
The halide-bridged organic-inorganic hybrids consist of inorganic arrays in which 
divalent metal ions are connected via a single halogen atom. These inorganic 
components can form a wide variety of structures with varying dimensionality. 
However, the most common structure is the perovskite-like structure.28  
 




 halogen-bridged inorganic network hybrid. The corner 
sharing MX6 octahedra form 2-dimensional perovskite-like layers that are negatively 
charged. The metal ions are denoted by the black dots and the halogens by the grey dots. 
The charge of the inorganic layers is compensated by the positively charged ammonium ion 
(denoted by the triangle) connected to the organic molecule (denoted by the oval).  
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Here, the metal ions are octahedrically coordinated by the halogen atoms and 
these octahedra share their corners to form a perovskite-like sheet. These 
perovskite layers have a net charge of -2 per formula unit, which is compensated by 
positively charged RNH3
+ ions that are present between the inorganic layers. The R 
group can vary from a hydrogen atom to larger organic molecules such as 
phenylethyl or alkane chains up to n=14 (longer chains do hardly occur due to their 
poor solubility). Depending on the size of R, also 3 dimensional perovskite 
structures can be formed (I3O0).  
Most recent research is performed on the non-magnetic halide bridged organic-
inorganic hybrids based on lead and tin.28 In the previous century, however, hybrids 
based on magnetic divalent transition-metals29 were thoroughly studied. A good 
review of this early work is given by Miedema en de Jongh.30 Such systems can 
show long range magnetic order with transition temperatures up to 100 K.31,32 The 
magnetic exchange is based on superexchange. The type of magnetic order ranges 
from ferromagnetic to antiferromagnetic, depending on the transition metals that 
are used. The highest ordering temperatures are observed for the Fe-bases hybrid.  
Moreover, the ordering temperatures do also depend on the organic component:  
They are highest when short diammonium R-groups are used. For example 
NH3C2H4NH3CuBr4 shows long range ferromagnetic ordering below Tc = 72 K and 
the (NH3C2H5)2CuBr4 below Tc = 11 K.
33 
 
1.4 Motivation and Research Aim 
The aim of this thesis is to design organic-inorganic hybrids that combine the best 
of both the organic and inorganic characteristics. We search for materials that are 
interesting for electronic applications and combine the unique parameters of 
solubility with ferromagnetism and semiconductivity. We will focus our research on 
the halide-bridged hybrids with the general composition (YNH3)nMX3+n. These 
inorganic network hybrids belong to the I1-3OO class and have long range inorganic 
connectivity that results in strong magnetic interactions. Magnetic ordering 
temperatures as high as 100 K have been reported for these halide based hybrids.31 
The non-magnetic members of this class of materials are reported to show 
excellent semiconducting properties. Kagan et al.34 showed that spin-coated field 
effect transistors of the tin based hybrid can show electric mobilities as high as 1 
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cm2/Vs. This is one of the highest values that is reported for solution processed 
semiconductor devices. A wide variety of different organic and inorganic starting 
compounds was successfully incorporated in this type of hybrids. Therefore, it is 
expected that enough tools are available to further optimize the properties of 
these hybrids. 
In this thesis, we present a systematic study on the relations between the 
composition, the crystal structure and the electric and magnetic properties of a 
series of transition-metal-based organic-inorganic hybrids, with the general 
formula MCl3+x(YNH3)1+x (M= Mn
2+, Fe2+, Co2+, Ni2+ or Cu2+ and Y is an organic 
molecule). We investigate if this class of hybrids can combine ferromagnetism and 
conductivity and point out which parameters play a role in optimizing the magnetic 
and electronic characteristics. 
 
1.5 Outline of this Thesis 
The next chapter, Chapter 2, gives a short overview of the basic chemistry and 
physics that is required to understand the contents of the thesis. Chapter 2 will give 
readers with a different scientific background the opportunity to understand the 
main findings of this thesis. 
Chapter 3 will discuss the synthesis and structure of MCl3+x(YNH3)1+x (M= Mn
2+, Fe2+, 
Co2+, Ni2+ or Cu2+ and Y is an organic molecule). In this chapter we discuss the 
variety of structures that occur for these materials and the possible correlations 
between the chemical composition and the final hybrid structure. 
Chapter 4 discusses the magnetic properties of the halide bridged hybrids. The 
crystal structure and the dimensionality of the inorganic backbone dictate the type 
of magnetic ordering in the hybrids. There is debate on which factors determine 
the maximum ordering temperature. An overview of the various scenarios is also 
given in this chapter.  
The electric properties of the hybrids are discussed in chapter 5. Their band gaps 
are estimated by temperature dependent I-V measurements. Besides, the use of 
chemical electron doping to increase the number of carriers is discussed.  
In chapter 6, the possibilities for multiferroicity in the hybrids are explored on the 
basis of the examination of a polar phase transition in the ferromagnetic Cu-hybrid. 
 
 Introduction to Organic-Inorganic Hybrids 
 11 
References 
[1] Oxford English Dictionary, Oxford University Press. 
[2] http://en.wikipedia.org/wiki/Hybridwiki pages hybrids 
[3] http://www.gazelle.nl/nl/collectie/fietsen/hybride/ultimate-xtra.html  
[4]  J. Shen, E. Xu, Z. Kou, S. Li “A coupled cluster approach with a hybrid treatment of 
connected triple excitations for bond-breaking potential energy surfaces” J. Chem. Phys. 132, 
114115 (2010). 
[5] H. J. Bolink , H. Brine, E. Coronado , M. Sessolo  “Phosphorescent Hybrid Organic-
Inorganic Light-Emitting Diodes” Adv. Mater. 22, 1 (2010). 
[6]  T. W. Kelley, P. F. Baude, C. Gerlach, D. E. Ender, D. Muyres, M. A. Haase, D. E. Vogel, S. 
D. Theiss “Recent progress in organic electronics: materials, devices, and processes” Chem. 
Mater. 16, 4413 (2004). 
[7] L. S. Hung, C. H. Chen “Recent progress of molecular organic electroluminescent 
materials and devices” Materials Sci. and Engineering R 39, 143 (2002).  
[8] C. N. R. Rao, A. K. Cheetham, A. Thirumurugan “Hybrid organic-inorganic materials: a 
new family in condensed matter physics” J. Phys. Condens. Matter 20, 1 [083202] (2008). 
[9]
 
 M. Kurmoo, A. W. Graham, P. Day, S. J. Coles, M. B. Hursthouse, J. L. Caulfield, J. 
Singleton, F. L. Pratt,  W. Hayes, L. Ducasse, P. Guionneau Superconducting and 
semiconducting magnetic charge transfer salts: (BEDT-TTF)4AFe(C2O4)3
. C6H5CN (A= H2O, K, 
NH4)”  JACS 117, 12209 (1995). AND I. Malfant, T. Courcet, C. Faulmann, P. Cassoux, H. 
Gornitzka, F. Granier. M-L Doublet, P. Guionneau, J. A. K. Howard, N. D. Kushch, A. 
Kobayashi  “ Structure and properties of BETS salts :-(BETS)8(Cu2Cl6)(CuCl4), -(BETS)2(CuCl2) 
and (BETS)2 (CuCl4)”  C. R. Acad. Sci. Paris, Chemistry 4, 149 (2001).  
[10] A. F. Hebard, M. J. Rosseinsky, R. C. Haddon, D. W. Murphy, S. H. Glarum. T. T. M. 
Palstra, A. R. Kortan “Superconductivity at 18-K in potassium doped C-60”  Nature 350, 600 
(1991). AND T. T. M. Palstra, O. Zhou, Y. Iwasa, P. E. Sulewski, R. M. Fleming, B. R. Zegarski 
“Superconductivity at 40K in Cesium doped C-60” Solid State Comm. 93, 327 (1995) 
[11] E. J. M. Vertelman “Electron transfer properties in the Prussian blue analogues 
RbxMn[Fe(CN)6]y
.zH2O” Thesis Zernike Institute for Advanced Materials (2009) 
[12]
 
M. Ohba, H. Okawa “Synthesis and magnetism of multi-dimensional cyanide-bridged 
bimetallic assemblies” Coordination Chemistry Reviews 198, 313 (2000). 
[13] M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O’Keeffe, O. M. Yaghi 
“Systematic design of pore size and functionality in isorectular MOFs and their application in 
methane storage”  Science 295, 469 (2002). 
[14] A. K. Cheetham, C. N. R. Rao, R. K. Feller “Structural diversity and chemical trends in 
hybrid framework materials” Chem. Commun. 2006, 4780 (2006). 
[15] P. Rabu, M. Drillon “Layered organic-inorganic materials; A way towards controllable 
magnetism” Adv. Engineering Mater. 5, 189 (2003). 
[16] G. Lagaly, K. Beneke “Intercalation and exchange reactions of clay minerals and non-
clay layer compounds” Colloid Polym. Sci. 269, 1198 (1991) 
 Chapter 1 
 
 12 
[17] C. E. Houscroft, A. G. Sharpe “Inorganic Chemistry” Pearson Education Limited, UK 
(2001). 
[18] M. S. Dresselhaus, G. Dresselhaus “Intercalation compounds of graphite”  Advances in 
Physics 30, 139 (1981). 
[19]  S. Benard, A. Léaustic, E. Rivère, P.Yu, R. Clément “Interplay between magnetism and 
photochromism in spiropyran-MnPS3 intercalation compounds” Chem. Mater. 13, 3709 
(2001). 
[20] K. Okuda, K. Kurosawa, S. Saito, M. Honda, Z. Yu, M. Date “Magnetic properties of 
layered compounds MnPS3” J. Phys Soc. Jpn. 55, 4456 (1986). 
[21] R. H. Friend, A. D. Yoffe “Electronic properties of intercalation complexes of the 
transition metal dichalcogenides”  Advances in Physics 36,  1 (1987). 
[22] L. Blandeau, G. Ouvard, Y. Calage, R. Brec. J. Rouxel “Transition-metal dichalcogenides 
from disintercalation processes. Crystal structure determination and Mossbauer study of 
Li2FeS2 and its disintercalates LixFeS2 (0.2≤x≤2)” J. Phys. C: Solid State Phys. 20, 4271-
4281 (1987). 
[23] D. Tichelaar, R. J. Haange, G. A. Wiegers, F. C. Van Bruggen “The synthesis, structure 
and physical properties of non-stoichiometric sodium chromium selenide, Na0.34Cr1.15Se2” 
Mat. Res. Bull. 16, 729 (1981). 
[24] F. M. R. Engelsman, G. A. Wiegers, F. Jellinek, B. van Laar “Crystal structures and 
magnetic studies of some metal (I) Chromium (III) sulfides and selenides” J. Sol. State Chem. 
6, 574 (1973)  
[25] S. Ogawa “Magnetic properties of 3d transition metal dichalcogenides with the pyrite 
structure” J. Appl. Phys. 50, 2308 (1979). 
[26] V. Laget, C. Hornick, P. Rabu, M. Drillon “Hybrid organic-inorganic layered compounds 
prepared by anion exchange reaction: correlation between structure and magnetic 
properties” J. of Mater. Chem.  9, 169 (1999) 
[27] M. Kurmoo, H. Kumagai, S. M. Hughes, C. J. Kepert “Reversible guest exchange and 
ferrimagnetism (Tc = 60.5 K) in a porous cobalt (II)-hydroxide layer structure pillared with 
trans-1,4,cyclohexanedicarboxylate” Inorg. Chem. 42, 6722 (2003). 
[28] D. B. Mitzi “Synthesis, structure, and properties of organic-inorganic perovskites and 
related materials” Prog. Inorg. Chem. 48, 1 (1999). 
[29] H. Arend, W. Huber, F. H. Mischgofsky, G. K. Richter-Van Leeuwen “Layer perovskites of 
the (CnH2n+1NH3)2MX4 and NH3(CH2)nNH3 Families with M=Cd, Cu, Fe, Mn or Pd and X=Cl or 
Br: Importance, Solubilities and simple growth techniques” J. Cryst. Growth 43, 213 (1978). 
[30] L. J. de Jongh, A. R. Miedema “Experiments on simple magnetic model systems” 
Advances in Physics 23, 1 (1974). 
[31] M. F. Mostafa, M. A. Semary, M. M. Abdel-Kader “Magnetic Studies of the layered 
compounds (CH2)2(NH3)2FeCl4, n= 2, 3, and 6” Physica B 112, 197 (1982). 
 Introduction to Organic-Inorganic Hybrids 
 13 
[32] R. D. Willet, E. F. Riedel. “A neutron diffraction study of the crystal structures and 
magnetic studies of (NH3CH2CH2CH2NH3) MnCl4 and (NH3CH2CH2CH2NH3) FeCl4: layer 
structures with two-dimensional magnetic interactions.” Chem. Phys. 8, 112 (1975). 
[33] G. V. Rubenacker, S. Waplak, S. L. Hutton, D. N. Haines, J. E. Drumheller “Magnetic 
susceptibility and magnetic resonance in the ordered state of single crystal 
(NH3(CH2)2HN3)CuBr4”  J. Appl. Phys. 57, 3341 (1985). 
[34] C. R. Kagan, D. B. Mitzi, C. D. Dimitrakopoulos “Organic-inorganic hybrid materials as 















































Properties of Inorganic and Organic Materials 
 
Few people have experience with both organic and inorganic electronic materials. 
Therefore this chapter gives a short introduction to both fields. This chapter is 
written at introductory level and is far from complete. More thorough 
introductions are provided by the references given in this chapter.  
 
2.1 Inorganic Electronics 
The inorganic elements are widely used in applications; from concrete and steels in 
construction works to the silicon in your computer. In general, inorganic materials 
are mostly used for applications in which robustness and long-life properties are 
required. Inorganic materials1 are the basis ingredient for conventional electronics 
and computers. They are mainly insoluble and have high melting temperatures. 
Therefore, the processing of inorganic materials for electronic applications is based 
on thermal evaporation and lithography: techniques that require high-tech 
equipment.  
For electric transport in the electronic devices, metals as copper, aluminum and 
gold are used. The logic is performed inside the processor (see picture 2.1), which 
consists of billions of interconnected transistors. These transistors can be 
compared to an electronic tap: the conduction channel between the “source” and 
“drain” can be opened and closed by applying a voltage to the “gate”. These 
transistors are built out of a semiconducting material. For this purpose, silicon (Si) 
is widely used as it can be oxidized to the insulating silicondioxide, which facilitates 
the fabrication of integrated circuits. On the other hand, memory applications like 
hard drives are based on the magnetic remanence in ferromagnetic materials as 
iron oxide.  
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Figure 2.1: Two applications of inorganic materials in electronics. Left, a hard drive that 
stores data on the basis of magnetism in iron oxide or cobalt-based alloys. Right, a 
processor that performs calculations based on billions of silicon transistors. 
 
2.1.1 Inorganic Crystals 
Crystalline inorganic materials can be regarded as stacks of atoms that are held 
together by van der Waals, ionic, covalent or metallic interactions.1, 2 The inorganic 
components discussed in this thesis are held together by ionic interactions: The 
transition metal ions are positively charged and the halogens negatively charged. 
These positive and negative charges attract each other and make the atoms form a 
lattice below the melting temperature. The atoms can stack in different lattices, 
depending on their size and chemical nature.3 An example of a stack of atoms is 
shown in figure 2.2. In this picture a perovskite structure is shown of CaTiO3
4
 in the 
so called ball and stick model (left) and in the space filling model (right). The latter 
representation gives a more realistic representation of the electron density but 
appears less orderly and therefore the ball and stick model is used in this thesis.  
Crystals are larger pieces (≥ 1 m) of material in which the atoms are stacked 
coherently, in a translational invariant fashion. The smallest repeating building 
block of the crystal is called the “unit cell”. Besides this “translational symmetry”, a 
crystal often possesses many other symmetry operations, such as rotation and 
mirror symmetry. On the basis of these symmetry characteristics the crystals are 
classified in a space group.5 
 
 Properties of Inorganic and Organic Materials 
 17 
 
Figure 2.2: The inorganic material CaTiO3 forms a lattice with the perovskite structure. The 
black spheres represent oxygen, the gray titanium, and the white calcium atoms. The right 
and the left picture show the same material in a different representation: The left picture is 
the so called ball and stick model that will be used throughout this thesis. The right picture 
is the space filling model, which is closer to the actual electron density. 
 
The physical properties of a material are related to the way of stacking of the 
atoms in the crystal structure, and thus it is very instructive to know the unit cell 
and the space group of a material. But how is the crystal structure determined? 
The distance between the atoms is ~3 Å (= 3·10-10 meter). This is much smaller than 
the wavelength of visible light and thus it is impossible to see even with the best 
microscope. Therefore we use light with a much shorter wavelength, X-rays, to 
determine the crystal structure. X-rays are scattered by the electrons that orbit 
around the atomic nucleii.6 The X-rays that are scattered by different atoms of the 
crystal interfere with each other and result in an interference pattern as shown in 
figure 2.3. The location of the maxima in these interference patterns is described 
by the condition for constructive interference in Bragg’s Law:3 
 
 sin2dn          (2.1) 
 
In which n is an integer number,  is the wavelength of the X-ray and  is the angle 
of the incoming light with respect to the crystallographic scattering plane. The d 
denotes the distance between two crystallographic planes, see figure 2.3. The 
intensity of the maxima in the interference pattern reflects the type of atom that is 
present in the plane. 
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Figure 2.3: Left) A schematic representation of interference by two x-rays in accordance 
with Braggs Law, see text. The occurrence of constructive interference depends on the 
incoming angle,, and the distance, d, between the crystallographic planes. Right) For single 
crystals this constructive interference results in an interference pattern. Here, a picture of 
our Apex detector is shown, on which the interference in a 60°-range of 2 is projected. 
 
The integrated intensity of the maxima in the interference pattern is the square of 









j eeQfQF )()(     (2.2) 
 
The Q is the scattering vector, and reflects the direction of the incoming and 
outgoing X-ray beams. The Laue condition indicates that F(Q) is non-zero only if this 
scattering factor coincides with a reciprocal lattice vector Rn. This statement is 
identical to the interference condition described by the Bragg’s Law (2.1). This Laue 
condition is reflected in the second term of (2.2). It is a sum over al lattice sites 
described by the reciprocal lattice vectors; Rn. Rn reflects the translational 
symmetry of the unit cell in the crystal. This term confines the X-ray scattering to 
distinct points in reciprocal space, in which Q=Rn. 
The integrated intensity in each of these points is proportional to the square of the 
unit cell structure factor that is depicted as the first sum in equation (2.2). This 
factor consists of information on the type and the positions of atoms in the unit cell.  
The rj reflects the atomic positions within the unit cell. The various atomic positions 
are often related to each other by symmetry operations such as rotations and 
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mirror planes. On the basis of those symmetry relations, the materials are classified 
in spacegroups. This symmetry within the unit cell can results in a set of reflection 
conditions on top of the general Laue condition. If all the reflection conditions are 
fulfilled, the intensity of the peak is determined by the fj: the atomic structure 
factors for atoms “j”.  This value increases with the number of electrons in the 
atom. In the limit that the scattering vector goes to zero: fj (Q=0)=Z. (Z is the 
number of electrons of a particular atom).  
To determine the crystal structure, the interference pattern is collected for many 
different orientations (Q). With the help of sophisticated computer programs8 and 
human expertise the crystal structure can be reconstructed from these 
interference patterns. 
 
2.1.2 Magnetic Properties of Inorganic Materials 
All materials are magnetic: high magnetic field research showed that even 
strawberries and frogs can be levitated on the basis of their magnetic properies.9 
However, not all types of magnetism are suitable for electronic applications. In 
electronic devices magnetic materials are used e.g. to transmit/store data and 
transform power. For these applications ferromagnetic materials are most suitable. 
In magnetic materials the magnetic dipoles are caused by atoms or ions with 
unpaired electrons that have a magnetic dipole (spin). If the interaction between 
these magnetic dipoles forces them to align their magnetic moments, the material 
is called ferromagnetic. In hard drives every bit consists of a group of aligned spins: 
by turning the spin direction forward or backwards, information is stored. So, for 
ferromagnetism two ingredients are crucial: 1) the presence of magnetic dipoles 
and 2) the interaction that forces those dipoles to align their moments.  
First, the origin of local magnetic dipoles in transition metals will be discussed. The 
transition metals are elements with an incomplete d-subshell in the neutral or ionic 
state. The d-orbitals are the outermost orbitals and their energies are strongly 
affected by the crystal field, however they have a limited role in the bonding and 
thus their incomplete d-subshells are maintained inside the crystal lattice. The 
magnetic moment of the transition metal ion depends on the number of unpaired 
spins in the d-shell.    
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As a rule of thumb: the number of electrons in the d-shell of a transition metal is 
equal to the number of the group minus the oxidation state of the metal ion. For 
example, the neutral Mn belongs to group 7. In the hybrids, Mn is present as a 
charged ion Mn2+. Thus the number of electrons in the d-shell is 7-2 = 5. For an 
isolated ion, the 5 d-orbital are degenerate (they have the same energy), see figure 
2.4. The 5 electrons occupy orbitals in accordance with the Hund rules: The 
electrons prefer to firstly fill each of those degenerate orbitals with one electron, 
with alignment of the spins.11 For an isolated Mn2+ ion this results in 5 unpaired 
spins and a spin quantum number of 5 x 1/2 = 5/2. In crystals, the transition metal 
ions are surrounded by anions, called ligands. In most cases the metal ions are 
coordinated by 4 or 6 anions that form a tetrahedron or octahedron around the 
transition metal ion, respectively. Those ligands influence the energy of the d-
orbitals in such a way that the degeneracy is partially removed.12 
 
 
Figure 2.4: A schematic representation of the energy levels of the d-orbitals of the 
transition metal. For an isolated ion those d-orbitals have the same energy (they are 
degenerate). The Mn
2+
 has 5 electrons (denoted by the arrows), in these d-orbitals, that 
each occupies a different orbital, in accordance with the Hund rules. In the octahedral 
lattice environment, the energy levels split up. The magnitude of this split up is determined 
by the electron density on the ligands. If this split up is small, the high spin situation of the 
isolated ion can be maintained. However if the splitting is large, a low spin situation is more 
favorable.  
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The way in which the energy levels split-up is determined by the coordination of 
the ligands and the electronic properties of those ligands. For an octahedron the 
split-up is shown in figure 2.4: two levels shift up and three shift down in energy 
with respect to the energy levels of the isolated ions. The magnitude of the energy 
splitting depends on the type of ligand. If the split-up is small, the high spin 
situation of the isolated ion can be maintained and the magnetic moment is still 
5/2.  However, if the splitting is large, a low spin situation is more favorable, in 
which only one unpaired spin is left. The split-up of the d-orbital energy levels can 
thus lead to a reduction of the magnetic moment of the ion.  
The hybrids that are discussed in this thesis are often based on copper, Cu. The Cu2+ 
has 9 electrons in the d-orbitals and thus has one unpaired spin, regardless of the 
magnitude of the octahedral splitting. The octahedral coordination is not ideal for 
this ion. The total energy of the d-electrons can be lowered if the octahedron is 
slightly distorted: 2 of the 6 metal to ligand bonds are longer than the other 4, see 
figure 2.5. This distortion is called a Jahn-Teller distortion and results in an 
additional splitting of the d-orbital energy levels.13 This distortion does not 
influence the magnetic moment of the ion, though it can have major impact on the 
interactions between the magnetic dipoles as will be shown in chapter  4.  
Figure 2.5: A schematic representation of the d-orbital energies for the Cu2+ ion in an 
octahedral environment (left). The Cu
2+
 ion has 9 electrons in the d-orbitals. In this electron 
configuration a distorted octahedron (right) is energetically more favorable, due to the shift 
of the filled energy levels to lower energy. This distortion is called the Jahn-Teller effect.
13
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The second ingredient crucial for ferromagnetism is an interaction that forces the 
magnetic dipoles to align their moments. There are many different interactions 
possible between the magnetic ions. Here we shortly mention the most common 
interactions, for further reading we refer to Blundell.14  
Any set of two magnetic dipoles, 1 and 2, at a distance r, will have a magnetic 














   (2.3) 
 
The sign of the interaction depends on the relative orientation of the dipoles: if the 
directions of the dipole are parallel to r, it will tend to align the dipoles in the same 
direction and thus the interaction is ferromagnetic. If, however, the directions of 
the magnetic dipoles are perpendicular to r, it will tend to orient the dipoles in the 
opposite direction and thus the interaction is antiferromagnetic. In general, these 
dipole-dipole interactions are relatively small between magnetic ions in a crystal 
and do not result in ordering temperatures higher than 1 K.   
In case of small distances between the magnetic ions, up to 3 Å (= 3·10-10 meter), 
the orbitals overlap and direct magnetic exchange can occur. Direct exchange is a 
magnetic interaction due to the direct overlap between the magnetic ions. The sign 
of the direct exchange interaction depends on the relative orientation of the 
orbitals and the number of electrons in those outer orbitals.15 
Many magnetic materials, however, have magnetic interactions that are based on 
indirect exchange: the magnetic exchange occurs via an intermediate electron or 
(non-magnetic) ion. In conducting materials, like metals, the magnetic interaction 
can be mediated by the conduction electron. This interaction is called the RKKY 
interaction. The sign of this interaction has an oscillatory dependence on the 
distance between the magnetic ions and it can span a relatively large distance.   
The most common magnetic interaction in the MCl3+x(YNH3)1+x hybrids is an 
interaction mediated by the non-magnetic ligands. This interaction is called 
superexchange.16 In the hybrids this intermediate ligand is a halide anion. The 
magnetic d-orbitals on the metal centers both have electronic overlap with a filled 
p-orbital on the chlorine, as is schematically drawn in figure 2.6.  
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Figure 2.6: The magnetic superexchange interaction between two magnetic ions. The 
superexchange is an indirect magnetic interaction that is mediated by the non-magnetic 
chlorine ion (middle). The magnetic d-orbitals of the transition metal ions (the clover 
shaped orbitals located on the metal ions) overlap with the p-orbital of the chlorine atom 
(the dumbbell in the middle). Due to the Pauli principle and antisymmetrization of the 
orbitals this overlap results in an antiferromagnetic interaction between the magnetic spins.  
 
The sign of this interaction depends on the metal-ligand-metal angle and the 
number of electrons in the d-orbitals of each magnetic ion. For identical magnetic 
ions and an angle of 180°, the interaction is antiferromagnetic.  
 
2.1.3 Electric Properties  






       (2.4) 
 
In which  is the electrical resistivity, n is the number of carriers,  is the electric 
mobility and e is the charge of the carrier. Just like the magnetic properties, the 
electric properties have to do with the occupation of the different orbitals. In a 
lattice, the orbitals of different atoms overlap and chemical bonds are created. This 
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overlap results in the creation of new electronic energy levels located in energy 
bands.17 As a solid consists of many atoms, many new collective energy levels are 
created. The spacing between these energy levels is so small that they can be 
regarded as a continuous energy bands. Such energy bands are often characterized 
by the density of states (DOS) versus the energy, as is shown in figure 2.7. This 
figure shows the density of states for both an insulator and a metal. The density of 
states is the same in both figures; the only difference is the filling of the bands. The 
energy level, up to which the bands are filled with electrons, is called the Fermi 
energy, EF. In the left figure, the lower band is completely filled with electrons and 
the upper band is completely empty. In the lower band, the valence band, all levels 
are filled. The conductivity relates to the availability of carriers and the possibility 




Figure 2.7: The electronic density of states versus the energy in an insulator (left) and a 
metal (right). The electronic levels are filled with electrons up to the Fermi level, EF. For the 
insulator, EF lies in the middle of the bandgap and the electrons have to overcome this 
bandgap to get in the conduction band. For metals, EF lies in the band and the electrons can 
move without overcoming any barrier. 
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In case of the insulator at T=0K the Fermi level lies between the valence and the 
conduction band; there is a large energy gap between the available carriers (in the 
valence band) and the empty states in the conduction band. The carriers cannot 
overcome the energy barrier to reach the conduction band. Thus the carriers can 
not contribute to the conductivity and the material is insulating. At T≠0K the 
carriers do not longer occupy only the lowest available energy states. Instead the 











eEf      (2.5) 
 
Thus, at elevated temperatures some electrons are present in the conduction band. 
If an electron goes from the valance band to the conduction band, it will leave 
behind a vacant position in the valence band. This vacancy is called a hole and can 
be regarded as a particle with opposite charge as the electron. The hole in the 
valence band will contribute to the conductivity in the same way as the electron in 







        (2.6) 
 
Here, C is a constant depending on the total number of carriers, Ea is the activation 
energy, kb is the Boltzmann constant and T is the temperature. A semiconductor is 
an insulator with a relatively small bandgap, in which carriers can be generated by 
temperature or doping. Both insulators and semiconductors will show an increase 
in the conductivity when the temperature is increased.  
The DOS of a metal is shown in the right panel of figure 2.7. The Fermi level is 
located in the lower band. In this partially filled band, there is no energy gap 
between the carriers (electrons and holes) and the available energy states. 
Therefore the caries can freely move around and electrical transport can take place 
even at T= 0K. The number of carriers is not influenced by the temperature and 
metals will show a decrease of the conductivity upon increasing temperature, as 
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the thermal energy results in more scattering of the carriers by lattice excitations 
(phonons). The collisions with phonons will reduce the carrier mobility with 
increasing temperature. 
 
2.2 Organic Electronics 
Organic materials are used in applications in which versatile, easy processable and 
flexible materials are required, such as in plastics and dyes. Most organic materials 
are electrical insulators. Therefore, initially the main application of organic 
materials in electronics was as an insulator, for example to isolate the conduction 
wires that transport electricity from the socket to your coffee machine. Only 
recently, organic materials are more and more used as conductors,18 
ferroelectrics19 and semiconductors20 in electronic applications. These organic 
materials are mostly utilized in novel electronic devices, such as flexible displays21 
and OLEDs23 (see figure 2.8). Organic materials can also be magnetic, but this 






Figure 2.8: Two applications of organic materials in electronic devices. The left picture 
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2.2.1 Molecules: Covalent Organic Architectures 
Organic materials can, just like the inorganic materials, form lattices. For example, 
diamond and graphite are actually two different lattices of carbon atoms. In this 
section, however, the focus is on the properties of molecular organic materials. The 
“organic elements” form bonds in which 2 electrons are shared between atoms. 
Those are called covalent bonds. A molecule is a finite cluster of (carbon) atoms 
that are connected via such covalent bonds. Carbon atoms can have single, double 
and triple bonds. Such bonds are represented in figure 2.9.  
The black spheres denote the carbon atoms and the white spheres denote the 
hydrogen atoms. Each carbon atom can make 4 bonds, thus when a carbon forms a 
double bond with a neighboring carbon atom it has only two positions available to 
bind hydrogen atoms. Molecules are often represented by abstract line drawings 
that are called bond-line structures.25 In figure 2.9 this bond-line notation as well as 
the ball and stick model is used to describe molecules. 
 
 
Figure 2.9: Organic molecules based on 3 carbon atoms, with a triple (upper), double 
(middle), and single (lower) bond. The black spheres denote the carbon atoms and the 
white spheres are the hydrogen atoms. Every carbon can make 4 bonds; thus if the carbon 
is connected to another carbon with a triple bond, only one bond is left for hydrogen. On 
the right side of the ball and stick pictures, the same molecules are drawn as skeletal 
structures. 
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The organic materials can be subdivided into two groups: the small molecules and 
the polymers. Polymers are very long chains of repeating units of covalently bound 
organic molecules (monomers). They form solids in which the large molecules are 
disordered, like in spaghetti. This thesis deals with the other class: the small 
molecules. These can, just like atoms, form well ordered crystals. Within the crystal, 
the molecules are connected to each other by van de Waals interactions or 
hydrogen bonds. An example of a pentacene crystal structure is shown in figure 
2.11.  
 
2.2.2 Electronic Properties of Organic Materials 
In general, the electrical conductivity in organic materials is very low. This is, in the 
first place, due to the fact that the electrons are localized in the covalent bonds. 
However, in the last 50 years organic metals,18 superconductors,26 




Figure 2.10: The top view and the side view of a benzene ring. (upper) The skeletal drawing 
of the benzene rings show 6 carbon atoms that are connected via alternating single and 
double bonds. However, all six bonds have the same length and the binding electrons are 
homogeneously delocalized over the p-orbitals of the carbon atoms (lower picture). This 
delocalized cloud of p-electrons is often referred to as a conjugated -system.  
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A key ingredient for the electrical transport in organic materials is the 
delocalization of electrons within the molecule. This occurs when double and single 
carbon-carbon bonds are alternated in an organic chain or ring system. Those 
systems can be drawn in two different ways, see figure 2.10. Actually the situation 
is in between the two extremes drawn in 2.10. The bonds all have the same lengths 
and the electrons are delocalized over the network of p-orbitals (the -system) 
within the molecule. This conjugated system allows the electrons to be transported 
from one end to the other end of the molecule.  
To obtain electronic transport also the transportation of carriers between the 
different molecules is necessary. This can occur when the organic molecules are 
arranged such that the conjugated -systems overlap. For ring systems, the overlap 
is optimal when they are oriented parallel, facing each other, at an inter-ring 
distance < 3.6 Å. Examples of good organic (semi-) conductors and their crystal 
structures are given in figure 2.11.  
 
Figure 2.11: The pentacene (upper) and the rubrene (lower) molecules and their crystal 
structures. The pentacene molecule is flat and consists of 5 conjugated rings. The molecules 
arrange in the herringbone structure.
28
 The rubrene molecule is not flat. It consists of a 
conjugated system of 4 rings, to which 4 extra phenyl rings are attached. In the crystal the 
molecules pack in dense 2-dimensional layers.
29
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In some organic co-crystals charge-transfer can occur between the different types 
of organic moieties. These materials can have excellent conductivity and 
sometimes even behave like a metal.  An example of such an organic metal is TTF-
TCNQ.18 
In organic molecular materials without charge transfer, the interaction between 
the organic molecules is due to the relatively weak van der Waals bonds. The 
electronic structure of these materials is characterized by narrow bandwidths, 
which limits the mobility. Metallicity is not likely to occur, as the limited electron 
overlap also results in either completely filled or completely empty bands. Besides, 
the carriers are often trapped by the impurities and defects in the crystal.30 As a 
result, the band model (that was described for the inorganic materials in the 
previous section) seldom applies to van der Waals bounded organic 
semiconductors. In general, the conductivity in the organic materials is better 
described by hopping: The charge transport occurs by the hopping of carriers from 
one to another localized state. In some cases, this hopping can be assisted by the 
vibrations of the lattice, due to which the charge mobility increases with 
temperature. The details of this hopping depend on the material and a general 
theory is still being developed.31-33 
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Chapter 3  
Synthesis and Structure 
 
3.1 Introduction 
In this chapter we focus on hybrids with the chemical formula MX3+1(Y-NH3)1+x in 
which the M is a magnetic divalent transition-metal ion, X is a halide ion and Y is a 
small (conjugated) organic molecule. We selected this system for its promising 
magnetic and electric properties. We will discuss the synthesis, the reaction 
mechanisms and the various crystal structures of these hybrids based on Mn, Fe, 
Co, Ni and Cu and consider how the chemical nature of the transition-metal 
influences the crystal structure. In a later section we investigate: how the organic 
component influences the crystal structure, and what are the criteria to achieve an 
arrangement of the organic molecules that allows electrical conduction.  
  
3.2 Synthesis Methods 
The hybrids crystallize by self-assembly of the inorganic and the organic 
components from solution. Various conjugated amines are used as the organic 
component, based on benzene, anthracene, thiophene, fluorene. The inorganic 
components consist of magnetic divalent transition metal halides.  
 
3.2.1 General Procedures 
The organic parent material for most of the hybrids discussed in this thesis is 2-
phenylethylammoniumchloride. Here, the general procedures for this precursor 
will be discussed. The methods for the other organic starting compounds are very 
similar. The 2-phenylethylammoniumchloride is made by slowly adding a saturated 
aqueous HCl solution to phenylethylamine. The resulting white polycrystalline 





Figure 3.1: The crystal structure of phenylethylammoniumchloride; the organic precursor of 
most of the hybrids in this thesis. 
 
The crystal structure (figure 3.1) of this organic precursor is discussed in Arkenbout 
et al.1, and can be found in Appendix 1. The purity of the starting compound was 
regularly checked with powder X-ray diffraction. 
The general procedure for the hybrid synthesis is to mix the 2-
phenylethylammoniumchloride with MCl2 · x H2O in stoichiometric ratio (M = Mn
2+, 
Fe2+, Co2+, Ni2+ or Cu2+). While the mixture is heated on a water bath of 50°C, 
solvent (H2O) is added until all the material has just solved. This saturated solution 
is then cooled to room temperature forming a powder or small crystals. The 
solvent is removed by filtration and the material is recrystalized from solution2 by 
slow evaporation of the solvent at room temperature.  
The purity of the starting compounds is about 98%. During the self-assembly and 
crystal growth, the material is purified, as some impurities are not soluble and 
others stay in solution. XPS measurements (done in collaboration with N. Akhtar 
and prof. P. Rudolf) do not reveal any impurities in the final product and confirm 
the divalent state of M. Even when the ratio of the starting compounds is not 
stoichiometric, one ends up with the stoichiometric hybrid, as the excess of a 
starting compound remains in solution. The crystal growth results in plate like 
crystals of a few square mm. The crystals were respectively pink (Mn), yellow (Fe) 
(not shown), blue (Co), orange (Ni) and brown (Cu) colored, see figure 3.2. 
 
 
 Synthesis and Structure 
 
 35 
Figure 3.2: The crystals of the MCl2+x(C6H5CH2CH2NH3)1+x hybrid crystals on mm paper. 
Clockwise from the top left: M= Cu, Co, Mn, Ni. 
 
3.2.2 Special Conditions 
Depending on the metal ion, slight adjustments on the general procedures 
(discussed in the previous section) need to be made. In case of the Fe-hybrid the 
synthesis and crystal growth has to be performed in an argon environment,3 to 
prevent oxidation of the Fe2+. Again, water is used as solvent, which is made oxygen 
free by boiling, while Ar gas is bubbling through. (If the water is not O2 free it will 
oxidize the Fe2+, resulting in a red reaction mixture instead of yellow). The starting 
compounds are put in a three way flask with a continuous flow of Ar-gas. While the 
flask is heated on a water bath, the oxygen free water is added with a syringe until 
all the material has just solved. The flask is cooled to room temperature and the 
crystals are grown by evaporation of the solvent. The evaporation of the solvent 
from this set-up is a bit cumbersome and therefore the crystal growth is slow. An 
alternative method for crystal growth is to transfer the solution to a desiccator, 





Initially, also the Ni-hybrid synthesis was performed in water. However, this 
resulted in a (green) crystalline hybrid material that contains six molar equivalents 
of water.4 To prevent water from entering the structure, the synthesis should be 
performed in a water free environment. Therefore, the inorganic precursor 
NiCl2·6H2O is heated to 100°C to remove the H2O. Instead of water, ethanol is used 
as a solvent. The crystals are grown by slow evaporation of the solvent in a stove at 
62 °C with a CaCl2 tube on the flask outlet, to prevent water from entering the 
system.  
 
3.3 Crystal Structures 
The structures of the hybrids are determined by means of single crystal diffraction 
on a Bruker Apex equipped with a CCD detector. A small crystal of approximately 
0.2 x 0.2 x 0.2 mm is selected and mounted on the end of a thin quartz hair with 
grease or acryl glue, which, in turn, is put on the goniohead. The data collection is 
preferably performed at 100 K because the thermal movement of the (light) atoms 
is significantly reduced. 
 
Figure 3.3: Crystal structures of the various hybrids. a) The cobalt based hybrid consists of 
free-standing CoCl4 in an organic matrix held together by the hydrogen-bond network. b) 
The nickel based hybrid forms 1-dimensional inorganic arrays of face sharing octahedra. c) 
The iron, manganese and copper organic-inorganic hybrids form 2-dimensional inorganic 
sheets of corner-sharing octahedra, interleaved by layers of organic molecules. 
 Synthesis and Structure 
 
 37 
The collection is performed by SMART5 and the refinement is performed with 
SHELXL97.6 The hydrogen atoms are generated by geometrical considerations, 
constrained to idealized geometries. The results of the crystal determination are 
given in Appendix 1 and summarized in table 3.1. The wR(F2) is a final agreement 
factor that denotes the similarity between the calculated and the observed 
structure factors. For an excellent fit, this value can be lower than 0.05. However, 
values up to 0.15 are regarded as being reliable. This final agreement factor, 
obtained for the hybrids, is given in table 3.1.  
The studied hybrids have the composition MCl3+x(C6H5CH2CH2NH3)1+x (M is the 
transition metal Mn, Fe, Co, Ni or Cu) and crystallize in three different structures, 
shown in figure 3.3. The most important difference between the structures is the 
dimensionality of the inorganic backbone, which can be 0-dimensional, 1-
dimensional or 2-dimensional.  
 
Table 3.1: Structural information for MCl3+x(C6H5CH2CH2NH3)1+x at 100K. 
 Mn Fe Co Ni Cu 
Spacegroup Pbca Pbca P21/c P212121 Pbca 
a 7.1423(8) 7.0173(8) 7.277(2) 5.9055(6) 7.2099(9) 
b 7.2306(8) 7.2466(8) 25.691(7) 6.8925(7) 7.2664(9) 
c 39.121(4) 38.852(4) 11.110(3) 25.614(3) 38.238(5) 
V 2020.3(4) 2001.0(4) 1996.1(10) 1042.58(19) 2003.3(4) 
wR(F2) 0.1124 0.1250 0.1264 0.0986 0.1120 
 
 
3.3.1 The Structure of the 2-dimensional Hybrids 
The 2-dimensional inorganic backbone, see figure 3c, is the most common in the 
studied series; it is observed for M= Mn, Fe and Cu and has composition MCl4 
(C6H5CH2CH2NH3)2. This structure is part of the I
2O0 class described in chapter 1. It 
consists of corner shared MCl6 octahedra, which form a 2-dimensional perovskite-
like layer. These inorganic sheets are interleaved by two layers of organic 
molecules. In the layers with organic molecules, neighboring organic rings are 
perpendicular to each other, and thus no - overlap is present. The distance 
between two adjacent inorganic planes is approximately 2 nm for all three 




axis, due to the Jahn-Teller effect. The long axis lies in the plane and rotates 90° for 
every next octahedron, resulting in a fully orbitally-ordered slab. The structure of 
the Cu based hybrid was previously reported by Willet et al.7 The 2-dimensional 
inorganic sheets resemble a perovskite structure in 2 dimensions (in the perovskite 
structure the octahedra are corner sharing in all 3 dimensions). The sheets show 
distortions from the ideal 2-dimensional perovskite-like structure in two ways 
(figure 3.4). The octahedra are tilted with respect to each other. Besides, the 
octahedra are orthorhombically distorted: not all metal to ligand bonds have the 
same bond length and the angles deviate from the ideal angles of 180° and 90°. 
These distortions for the three 2-dimensional hybrids are given in table 3.2. The 
metal-to-metal distance in the hybrid is directly related to the metal to chlorine 
distance. 
In conventional inorganic perovskites (AMO3) the buckling depends on the size of 
the A-cation with respect to the M-O-M distances of the MO3 network.
8 In the 
hybrids, the situation is different. In all the studied hybrids the ammonium ion 
occupies the position of the A cation. Nevertheless, the buckling angles vary a lot 
for the different hybrids. Hybrids based on MnCl4 perovskite sheets show M-Cl-M 
angles varying from 165.43° for (C6H5CH2CH2 NH3)2MnCl4  (this work) to 168.564° for 
(C3H7NH3)2MnCl4 
9 and 170.389° for  (C4H9NH3)2MnCl4 .
10  
Figure 3.4: A detailed view of the crystal structure of the Cu-hybrid. The inorganic square 
lattice shows two distortions: The octahedra buckle with respect to the c-axis (left) and the 
octahedra have different metal-to-ligand distances in the different crystallographic 
directions (right). 
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Instead of the cation size of the A-ion, the origin of the change in M-Cl-M angle lies 
in the connection between the organic and inorganic component. This interaction 
is provided by Coulomb interactions and the hydrogen bonds between the 
ammonium group of the organic moiety and the chlorine atoms in the inorganic 
layer. Every ammonium group forms 3 different hydrogen bonds11 (h.b.) with both 
the in-plane and out-of-plane chlorine atoms, see figure 3.5. In order to optimize 
the h. b., the chlorines are displaced. H.b.1 pulls the chlorine ion upwards. H.b.2 
pulls the out of plane chlorine inward. And h.b.3 pulls another in-plane Cl upward 
and another out of plane Cl towards the center of the square. 
The ammonium groups on the other side of the inorganic sheet amplify the tilting 
as it forms h.b. with the other chlorines resulting in complete tilting of the 
octahedra. The tilting is not the same for all the hybrids, because of differences in 
the M-Cl distance and the interactions between the organic molecules. For the Cu-
hybrid the neighboring octahedra along the in plane unit cell axis have the same 
tilting direction both along and perpendicular to this axis. Note that the a- and b-
axis are along the diagonals of the square lattice (see figure 3.5). To classify the 
tilting within the scheme for perovskites by Glazer8 we have to choose the in-plane 
axis along the grid of the square lattice.  
 
Figure 3.5: left) A top view of the 2-dimensional hybrid. The ammonium (-NH3
+) group 
(which is part of the organic component) forms three different hydrogen bonds with the 
chloride ions of the inorganic network. The hydrogen bonds are denoted by the dashed 
lines. This picture was inspired by the paper of Willet et al.
11
 right) A side view of the 




If we call these new axis x and y, the system belongs to the x-y- group. The 
superscript “-“ means that neighboring octahedra along x and y have an opposite tilt 
along the direction perpendicular to the c-axis.  
For hybrids with the same organic molecules the buckling angle with respect to the 
c-axis increases with increasing M-Cl distance, as is shown in figure 3.6. For hybrids 
based on different organic molecules those buckling angles cannot easily be 
compared, because different organic molecules have very different intermolecular 
interactions. Those interactions lead to reorientation of C-N bond with respect to 
the inorganic layer. The atoms around the nitrogen atom (one carbon and 3 
hydrogen atoms) form a distorted tetrahedron to minimize repulsions. Therefore, 
the C-N reorientation leads to a completely different situation for the hydrogen 
bonds and forces the inorganic layer to adapt. 
 
Figure 3.6: A) The metal-to-metal distance versus the metal-to-halide distance for different 
MX4(YNH3)2 hybrids. The linear trend is general and the data for the different halides (X) 
and organic components (Y) lie on the same line. B) The buckling angle increases with 
increasing M-X distance for a single type of organic moiety (Y). C) The buckling angle versus 
the angle of the C-N bond with respect to the c-axis. This data reflects the same trend. 
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This effect is illustrated for hybrids with the same organic cation in figure 3.6. The 
increase of the angle of the C-N bond with respect to the c-axis results in an 
increase of the buckling of the inorganic sheet. As a result of the three different 
hydrogen bonds the N-atoms can be slightly off center and generate a local dipole. 
In most cases, this charge displacement is compensated by the mirroring -NH3
+ 
group on the other side of the inorganic slab. However, in some experiments 
indications of an overall polarization are observed. The possibilities of macroscopic 
polarization in these hybrids are discussed in chapter 6. It should be noted that one 
should take into account the temperature when comparing these structural 
distortions. The hybrids show various phase transitions around room temperature, 
one of which is related to the onset of the buckling. These phase transitions will be 
also discussed in chapter 6.  
Table 3.2: Distortion parameters of the inorganic perovskite sheets at 100K. 
 Cu Mn Fe 
M-M distance (Å) 5.118 5.082 5.075 
M-Cl dist. c (Å) 2.853, 2.288  2.561, 2.562 2.549, 2.548 
M-Cl dist. // c (Å) 2.304 2.491 2.405 
M-Cl-M angle (°) 169.14 165.43 169.47 
Cl-M-Cl angles (°) 88.17, 89.73, 89.64 88.73, 89.83, 89.87 89.15, 89.21, 89.57 
Cl-M-c-axis angle (°) 6.63 6.74 6.09 
 
3.3.2 Hybrids with 0- and 1- Dimensional Inorganic Backbones 
The nickel-based hybrid has a different chemical composition; NiCl3 C6H5CH2CH2NH3. 
It belongs to the I1O0 class and consists of 1-dimensional arrays of face sharing NiCl6 
octahedra, shown in figure 3.7. Every nickel atom is connected to its nearest 
neighbor (d=2.953 Å) via 3 M-Cl-M bonds of approximately 70°. Similar nickel-
chloride arrays are present in RbNiCl3 and CsNiCl3.
12  The nearest nickel atom from 
another chain is 6.893 Å apart. In this direction the chains are connected via the 
hydrogen bonds of the organic molecules. In the third direction the nearest nickel 
atom is 13.433 Å and the connection is due to - and - interactions in the 
herringbone arranged organic layer.  
The Co-based hybrid has the composition: CoCl4(C6H5CH2CH2NH3)2, similar to the 2-
dimensional hybrids. However, the inorganic component forms tetrahedra, instead 





Figure 3.7: The crystal structure of the nickel-based hybrids consists of 1-dimensional 
inorganic arrays of face sharing octahedra, intersected by organic molecules. 
 
The tetrahedra are arranged in planes but are connected only indirectly, by the 
hydrogen bonds via the organic ammonium groups. This hybrid therefore belongs 
to the I0O0 class. The nearest neighboring magnetic ions are 6.533 Å apart, much 
further than in the 1-dimensional and 2-dimensional hybrids where the smallest 
distance between the magnetic ions is 2.95 and 5.12 Å respectively. The organic 
molecules form a herringbone structure between the inorganic sheets. The 
structure of the starting materials for the MX3+1(C6H5CH2CH2NH3)1+x hybrids are very 
similar. The structural differences in the hybrids are a result of the variation in the 
electron configuration of the metal ions, as will be discussed in the next section. 
 
3.3.3. Origin of the Structural Variations  
The hybrid with the 2-dimensional inorganic backbone is most common, but is only 
accessible when the metal to chloride distance is sufficiently large (~2.5 Å) to 
accommodate the organic molecule; for nickel this is not the case (M-Cl = 2.391 Å) 
and the 1-dimensional structure is formed instead. The case of cobalt is more 
peculiar. The Co2+ ion has d7 configuration, which can be stable both with 
octahedral as well as with tetrahedral coördination.13 In the starting material the 
chemical composition is CoCl2 and the cobalt is octahedrically coordinated.  
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Figure 3.8: The difference in Ligand Field Stabilization Energy (LFSE) for an ion with 7 d-
electrons (such as Co
2+
) in the tetrahedral and octahedral coordination. The  refers to the 
magnitude of the ligand field splitting for an octahedron (oct) and a tetrahedron (tet) 
respectively. 
 
In the hybrid, the net configuration of the inorganic component is [CoCl4]
2- due to 
the uptake of the chlorine atoms that were previously the counter-ions of the 
organic starting material. In the starting material, the CoCl6 octahedra have no 
charge because all the Cl atoms are bonded to two metal ions.   
In the 2-dimensional hybrids14 however, two out of six chlorine atoms are not 
shared and the net configuration of the octahedra is CoCl6
2-. This extra charge on 
the chlorine atoms leads to a significant increase in chlorine-chlorine repulsion. For 
small d7 ions there is only a small energy difference between the different 
coordinations, see figure 3.8. The Ligand Field Stabilization Energy (LFSE) for the 
octahedral coordination is -4/5 oct and for the tetrahedral coordination it is -6/5  
tet,-3/5oct.
15 Therefore, the cobalt hybrid can release these extra repulsions by 
adopting a tetrahedral instead of the octahedral coordination. In the tetrahedral 
coordination the chlorine atoms are much further apart and thus repulsion is 
smaller than in the octahedral coordination.  
 
3.4 Reaction Kinetics 
3.4.1 The Reaction 





MX2 + x YNH3X  MX2+x(YNH3)x     (3.1) 
The driving force for the reaction is the formation of M-X bonds. The X-ions that 
are counter-ions for the organic molecule are incorporated in the inorganic 
backbone; these new M-X bonds lower the energy by approximately 350 kJ/mol16 
and drive the reaction to the right side. Of course, the metal ligand interaction is 
not the only force that should be taken into account. Also the hydrogen bonds, 
Coulomb interactions, - interactions, steric hindrance and relative solubilities 
play an important role in the hybrid formation, as will be discussed in the following 
two sections.  
 
3.4.2 Self-assembly 
The hybrid formation is energetically facilitated by the new M-X bonds that make 
the hybrid more stable than its starting materials. But, what actually determines 
the crystal structure is a combination of hydrogen bonds, Coulomb interactions, -
 interactions and steric hindrance. By the uptake of the extra halides inside the 
inorganic part of the material, the inorganic architectures obtain a net negative 
charge, which is compensated by the positive charge of the ammonium group. The 
Coulomb interaction between these charged components is, besides the metal 
ligand interaction, the strongest in the crystal and it forces the nitrogen atom to be 
in close proximity of the inorganic component. The final position of the nitrogen 
atom is a result of the hydrogen bonds that can be formed between the hydrogen 
atoms of the ammonium group and the chlorine atoms in the inorganic component, 
as is shown in figure 3.5.  The position of the ammonium group already restricts the 
conjugated part of the organic molecule to a limited number of configurations. The 
final position of the organic molecule is determined by - and - interactions17 
and steric hindrance. The intermolecular interactions restrict the possibilities for 
hydrogen bonding and vice versa. Both interactions can strongly influence each 
other as they have more or less the same energy.  
 
3.4.3 The Role of Solubility 
The solvent plays an important role in the synthesis and crystal growth of the 
hybrids. The solvent can stabilize intermediates and therefore speed up the 
reaction. Before the hybrids can be formed, the organic and inorganic starting 
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compounds split up in charged components, which can be stabilized by a polar 
solvent, like water or ethanol. Organic starting materials with big conjugated 
systems, however, require also a stabilization of the organic ring. In such case 
aromatic polar solvents may be used, like phenylethylalcohol. 
Relative solubilities of the starting compounds should be more or less comparable 
to end up with the desired hybrid. If the solubilities are not similar, one of the 
starting compounds might nucleate before the hybrid does, resulting in 
crystallization of the starting compound. The temperature dependence of the 
solubility of the different components is not the same and thus tuning the 
temperature can optimize the hybrid growth. For example, in the nickel and 
manganese based hybrids the best results are achieved at slightly elevated 
temperatures (around 60°C).  
The choice of solvent also has an influence of the final crystal shape and size.18 The 
rate of evaporation is directly correlated to the rate of crystal growth. Thus, if small 
and thin crystals are required a solvent with a low boiling temperature, like 
methanol, should be used. For very large crystals slow evaporation is required and 
a solvent with a higher boiling point is more suitable. 
 
3.4.4 Replacing the Halides by Oxygen  
A question that is often asked is: “can hybrids be made from oxides instead of 
halides”. Perovskites based on oxides are intensively studied and show very 
interesting properties, and therefore the synthesis of oxygen based layered hybrids 
would indeed be very interesting.  As discussed in chapter 1, one can make hybrid 
materials based on carboxylates and phosphates. The inorganic part of the material 
will consist of MO6 octahedra but these will have at least one intermediate atom, 
which is a disadvantage for achieving high magnetic ordering temperatures.  
2-Dimensional metal oxides with corner sharing octahedra do exist in pure 
inorganic materials as the Ruddlesden-Popper19, Aurivillius20, and Dion-Jacobson21 
phases. The high temperature synthesis does not allow the use of organic cations. 
However, organic-inorganic hybrids can be formed via intercalation of the inorganic 
hosts with organic molecules.21 Intercalates with various alkylamines have been 




To synthesize a soluble hybrid with oxygen and with a similar structure as the 
halides is hard because of several reasons. First, the metal oxides (the inorganic 
precursors) can only be solved in very strong acids. Second, the organic 
ammonium- ions do not have oxygen as a counter-ion, so another source of oxygen 
should be made available during the synthesis. Besides, the synthesis and reaction 
techniques that are often used for oxides, like melting, are incompatible with the 
organic component, as it decomposes at high temperatures. So, thus far, the 
oxygen bridged perovskite hybrid seems out of reach.  
 
3.5 Electronic Overlap in the Organic Component 
As described in chapter 2, organic molecules are able to transport carriers under 
certain conditions. In the hybrids discussed in section 3.3 there is a small -
conjugated system present, the benzene ring. If the -clouds of such rings overlap, 
it can allow electron transport. However, in the 2-dimensional hybrids neighboring 
rings are almost perpendicular (77°) and the -clouds do not overlap. In the 0- and 
1- dimensional hybrids the overlap is slightly higher, the angles between 
neighboring rings are 54° and 42° respectively and the distances are of the order of 
3.6 Å. At these angles the electronic overlap in the organic layers is still far from 
optimal. In good organic semiconductors, such as pentacene, also angles around 
50° are found. However, due to the extended conjugated system in pentacene, 
overlap is possible with parallel molecules in other directions.22  
In crystals of organic ring systems, the relative orientation of the rings is a result of 
a competition between quadrupolar and van der Waals interactions. The van der 
Waals interaction favors face-to-face orientation of the rings but the quadrupolar 
interactions favor an edge-to-face orientation. The - overlap can be stabilized by 
steric effects or a slight offset between the rings such that - stacking can coexist 
with an attractive - interaction.17 In this section we discuss routes to improve the 
- overlap, by chemical design.  
 
3.5.1 Variations in the Organic Cation 
It was attempted to increase the amount of - overlap by using bigger conjugated 
systems, molecules with asymmetry and molecules with two ammonium-groups. 
The organic components that we used are shown in figure 3.9. All the materials, 
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except compounds [3], [4] and [8], were bought commercially. Compound [3], [4] 
and [8], were synthesized by M. Kwak in the group of prof. A. Herrmann at the 
Zernike Institute for Advanced Materials, University of Groningen. The organic 
amines were converted into ammonium halides, as discussed in paragraph 3.2 and 
analyzed by x-ray diffraction in order to be able to unravel the different phases 
from powder x-ray diffraction in a later stage of the synthesis. The single crystal 
diffraction results of the organic precursors [5] and [7] are given in Appendix 1. For 
compounds [1], [2], [5], [6], [7], [8] and [9] the synthesis worked and hybrids were 
formed. However, in most cases powders were formed, of which the exact crystal 
structure could not be determined. Single crystal hybrids could only be grown for 
the hybrids containing [1], [2] and [8]. 
Figure 3.9: The chemical structure of organic components for the hybrid synthesis:  
1) 3-fluorophenylethylammonium, 2) 2-thiophenemethylammonium  
3) 2-thiophenylmethyltrimethylammonium, 4) 2-thiophenylmethyltriethylammonium,  
5) 4-(ammoniummethyl)benzylammonium, 6) 2-ammoniumanthracene,  





The hybrid with [8] consists of dimers of tetrahedrically coordinated copper ions 
interleaved with organic molecules. We did not study this hybrid further, as dimers 
do not give the possibility of long range magnetic order. The structures of the Cu-
hybrids with [1] and [2] are shown in figure 3.10. The space group and lattice 
parameters are given in table 3.5. These hybrids consist of similar two dimensional 
perovskite copper chlorine layers as in the case of phenylethylammonium, 
discussed in section 3.3. There are some differences: in the thiophene based hybrid 
the Jahn-Teller distorted octahedra are not orbitally-ordered. The picture shown in 
3.10 is based on an average of the two orientations. This disorder could be caused 
by real disorder at molecular level but can also be caused by poor crystal quality. 
Because of this disorder, it is hard to determine the exact M-Cl-M and buckling 
angles. The phenyl fluorine based hybrid has an inorganic perovskite that is almost 
identical to the sheet in the phenylethylammonium-based hybrids. The only 
differences are the smaller M-Cl-M angle of 166.57° and the smaller buckling angle 
of only 3.66°.  
In both the thiophene and phenyl fluorine based hybrids, the overlap of the  
system is much higher due to the size and asymmetry of the organic component. In 
the hybrid based on the phenyl fluorine [1], the rings make an angle of 6.94° and 
the distance between the closest two atoms within different rings is 3.643Å. The 
overlap is still not maximized as the rings are stacked with a large offset (see figure 
3.10). In the hybrids based on the thiophene [2] neighboring rings are almost 
parallel, the angle is only, 0.9°. The distance between the two nearest atoms within 
two different rings is 3.746 Å. Again the rings are shifted with respect to each other 
due to which the stacking is not optimal yet (which is not very clear from figure 
3.10 because the rings are tilted in the c-direction).  
Table 3.3: Crystallographic data obtained at 100 K for the hybrids with asymmetric organic 
components. 
 CuCl4(C4SH3CH2NH3)2 CuCl4(C6H4FCH2CH2NH3)2 
Space group Pnma P-1 
a (Å) 10.414 7.25 
b (Å) 29.062 7.25 
c (Å) 5.2757 38.80 
V (Å3) 1596.7 2030 
wR(F2) 0.1457 0.3737 




Figure 3.10: The crystal structures of the hybrids with asymmetric organic components at 
100 K. The left picture shows the crystal structure of the hybrid based on phenyl fluorine, 
which has the chemical composition: CuCl4(C6H4FCH2CH2NH3)2. In the right picture the 
structure based on thiophene, CuCl4(C4SH3CH2NH3)2, is shown. 
 
3.5.2 Design of - Overlap 
The results reported in the previous section show that the electronic overlap can 
be increased by the inclusion of asymmetry or steric hindrance in the organic ring. 
In this section we propose a model for further optimization of the electronic 
overlap in the organic component, based on the crystallographic details of the 
various hybrids. The orientation of the overlap of the organic molecules depends 
on the ratio of the diameter of the organic molecule and the distance between the 
metal ions. Due to the hydrogen bonds and the coulomb interactions between the 
organic and the inorganic component, the distance between the organic molecules 
depends, to a large extent, on the lattice constant of the inorganic component. In 
the phenylethylammonium based hybrid the width of the benzene ring is 4.04 Å. 
This width is defined as the distances between the hydrogen’s connected to c5 and 
c3 of the phenylethylammonium. Effectively, the smallest distance between two 
perpendicular rings is determined by this width plus the ionic radius of the 
hydrogens. When those values are added together (4.04 + 2x0.54) one gets the 





Figure 3.11: Schematic top view of the inorganic perovskite layer and the orientation of the 
organic rings. The gray points denote the metal positions. The black points are the 
ammonium groups and the lines denote the organic rings. When the diameter of the 
organic ring (r) is smaller than the distance between the metal ions (d) the - interactions 
(right figure) determine the orientation of the organic cations. 
 
This effective diameter is slightly smaller than the metal-to-metal distance, d, 
which is 5.2 Å. This inorganic grid thus forces the rings to be about 5 Å apart, a 
configuration in which the perpendicular orientation is most favorable, see figure 
3.11. In this configuration there is no overlap between the clouds of delocalized p-
electrons and thus the electronic conduction through this organic component will 
be minimal. This configuration is stabilized by so-called - interactions16 between 
the clouds of delocalized p-electrons of the benzene ring and the s-orbital of the 
hydrogen atom.  
In the previous section it has been shown that the overlap increases as the ratio of 
the metal-to-metal distance, d, to the effective diameter, r, decreases. For the 
fluorobenzene- and the thiophene organic components the effective diameters are 
6.209 and 5.847 Å respectively (in these values the ionic radii are used to take into 
account the effect of the lone pairs). In this case the perpendicular arrangement, as 
shown in figure 3.11, is unstable due to steric hindrance. Instead, the X-ray data 
showed that, the organic molecules rotate along the diagonal of the inorganic 
framework. This arrangement is shown in figure 3.12. The arrangement is stabilized 
by both - and - interactions. The rings are parallel in this orientation and this 
introduces an overlap between the -clouds of neighboring rings. This electronic 
overlap, however, is not yet optimal due to the offset the rings.  




Figure 3.12: Schematic top view of the hybrid, in the situation that the diameter of the 
organic ring (r) is comparable to the distance between the metal ions (d).  The organic rings 
tilt towards the diagonal of the square inorganic backbone. In this orientation the rings are 
stabilized by a combination of - and - interactions (right figure). 
 
Further optimization of the overlap can be achieved by using bigger conjugated 
systems, to overcome the shift of the rings with respect to each other. In analogy 
with the structure of the phenylfluoride hybrid we suggest to synthesize hybrids 
based on an organic system with an effective diameter between r = d and r = √(2d2).  
It is not feasible to manipulate the inorganic layer in such a way that d approaches 
the diameter of phenylethylammonium. It is much easier to change the diameter of 
the organic molecule. In the 2-dimensional hybrids based on MnCl2, CuCl2 and FeCl2 
d = 5.2, and thus a “r“ between 5.2 and 7.4 Å should be chosen.  
We propose to synthesize the hybrid based on 1-ethylammoniumnapthalene, 
which has an effective diameter of 7.45 Å, see figure 3.14. This naphthalene based 
organic cation probably stacks in a similar way as the phenyl fluoride based hybrid. 
But, due to the bigger conjugated system, the naphthalene based hybrid could 
have much more - overlap than the other hybrids. It is expected that the slight 
oversize of this organic moiety can be compensated by a canting of the ring system. 
As the size and chemical composition is not very different from the earlier 







Figure 3.13: Expected schematic top view of the hybrid with organic components that have 
an effective diameter around 7 Å. In this arrangement the - overlap between the organic 
rings is optimized.  
 
The proposed model for designing of - overlap is supported by electronic band-
structure calculations. Figure 3.15 shows the electronic band-structures of the Cu-
hybrids based on phenylethylammonium, [1], [2] and 2-(1-
napthyl)ethanammonium. The calculations are performed by R. de Groot and G. de 
Wijs. They are performed with Density Functional Theory (DFT) based on the 
experimentally determined crystal structures. In the case of the naphthalene 
derivative the crystal structure was calculated on the basis of the analogy with [2]. 
 
Figure 3.14: Comparison of the phenyl fluoride (black) and naphthalene (grey) based 
organic cations. The conjugated system of the naphthalene based molecule is larger and 
thus a better electronic overlap is expected for the hybrids based on this cation.   
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The electronic band-structure plots the energy as a function of a crystallographic 
direction in reciprocal space, the Brillioun zones. The  denotes the center of the 
Brillioun zone, the  denotes the center of a square at (0, 0.5, 0) and the  is the 
center of an edge at (0.5, 0.5, 0). In the Density of States (DOS) the sum of energies 
per energy level is given. The DOS is split up in the organic (solid line) and inorganic 
(dashed lines) contributions. 
In all four materials the bands near the Fermi level are dominated by the inorganic 
component. These narrow energy bands just above and below the Fermi energy 
are due to the (spin-polarized) d-orbitals of the copper-ion. Thus the conductivity is 
expected to take place in the inorganic component. Overall, the contributions of 
the inorganic component are very similar in the four materials. The organic 
contribution, however, varies significantly for the different organic components. 
From the model proposed in the previous section it is found that the - overlap in 
the materials increases as we go from phenylethylammonium, [1],  [2] and 2-(1-
napthyl)ethanammonium. This trend in overlap is clearly reflected in the organic 
Highest Occupied Molecular Orbital (oHOMO). This level lies closer to the Fermi 
level when the - stacking increases: EF-oHOMO for the various materials is a) 2, b) 
1.5, c) 1.2 and d) 0.6. The smaller the distance between the Fermi level and the 
oHOMO, the more accessible is the organic moiety for (hole) carriers.  
The Lowest Unoccupied Molecular Orbital (LUMO) starts about 2.5-2.8 eV above 
the Fermi level. It is organic in origin but is not much affected by the increase in - 
overlap. The increase in - overlap thus results in extra hole transport, while the 














Figure 3.15: The band-structures and DOS of 4 Cu-based hybrids with as the organic 
component: a) phenylethylammonium, b) 2-thiophenemethylammonium [1], c) 3-
fluorophenylethylammonium [2] and d) 2-(1-napthyl)ethanammonium [see figure 3.14]. 
The first and the second columns show the band-structure of the majority and the minority 
spins respectively at various positions in the Brillioun zone. The third column is the 
averaged Density of States (DOS). The solid and dashed curves denote the organic and 
inorganic contribution respectively.  Calculations were performed by G. de Wijs and R. de 
Groot.  




Differences in the chemical composition of the organic as well as the inorganic 
components of the hybrids have a strong influence on the crystal structure of the 
hybrid. Depending on the amount of d-electrons and the metal to halide distance 
of the inorganic component, 0-, 1- or 2- dimensional inorganic networks are formed 
inside the hybrid. And thus (differently than suggested by Mitzi14) not every 
divalent metal forms the 2-dimensional structure. The organic group connects to 
this inorganic backbone by Coulomb interactions and hydrogen bonds. There is a 
strong interplay between the distortion of the inorganic network, those hydrogen 
bonds and the intermolecular interactions of the organic component.  
In the 2-dimensional hybrids based on phenylethylammonium, the - overlap of 
the organic system is almost zero. Asymmetry and variation in diameter of the 
organic system destabilizes the - interaction and increases the overlap. We 
propose a model on how the - overlap can be tuned by choosing the right 
diameter of the organic molecule with respect to the metal-metal distance. On the 
basis of this model, we expect that hybrids based on naphthalene have a much 
better - overlap than the phenylethylammonium based hybrids. The model is 
supported by the electronic band-structure. The bands near the Fermi level are due 
to copper. The choice for different organic molecules clearly affects the energy of 
the organic-HOMO. When the - overlap is optimized this organic-HOMO 
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The magnetic properties of the organic-inorganic hybrids were extensively studied 
in the seventies. The organic-inorganic hybrids have been used as a model system 
to evaluate the exact and approximate theoretical models of various low-
dimensional magnetic systems that had been developed one decade earlier. The 
focus of the experimental research was to design magnetic materials that were as 
close as possible to these theoretical models. The hybrids form well isolated one 
and two dimensional magnetic structures, and therefore their magnetic properties 
were instrumental to verify the models. Reviews of the theoretical and 
experimental efforts in this area are given by Miedema and de Jongh1 and Carlin.2 
Our motivation to make organic-inorganic materials is different from the 
motivation of the research that was performed forty years ago. We aim to develop 
soluble organic-inorganic materials that are suitable for electronic applications, 
such as magnetic storage devices. In this chapter we investigate the magnetic 
properties and the underlying mechanisms of the organic-inorganic materials that 
where introduced in chapter 3. The magnetic properties of these hybrids originate 
from the magnetic transition metal ions, which are incorporated in the inorganic 
component. The magnetic dimensionality is thus expected to be correlated with 
the crystal structure of the inorganic component. In this chapter we present the 
different magnetic regimes and magnetic structures of the hybrid materials. We 
address the factors that determine the type of interaction and the magnitude of 






4.2 Lay Out of the Measurements 
The magnetic properties were analyzed with the SQUID based Magnetic Properties 
Measurement System (Quantum Design). In this set-up, the sample is pulled 
through a superconducting loop (second order gradiometer), in which a change in 
magnetic flux (that is generated by the moving sample) will result in a current. This 
current (the SQUID response) is measured and used to calculate the magnetic 
moment of the sample. The set-up allows to perform this measurements at various 
temperatures (2 – 400 K) and magnetic fields (0 – 9 Tesla). The powder or crystal 
sample is put into a gelatin capsule with grease and cotton to keep it in place. This 
capsule, in turn, is put in a long plastic straw, that is mounted on the sample stick. 
As the straw is homogeneous and long it does not generate a change in flux and 
therefore it does not contribute to the background. For very small crystals, the 
crystal is mounted on a quartz wire, to eliminate the diamagnetic contribution of 
capsule and cotton. Typical samples are shown in figure 4.1. The measurements are 
not corrected for diamagnetic contributions.  
 
Figure 4.1: The samples for the magnetic measurements are prepared in two ways: The 
sample is placed in a gelatin capsule or the crystal is mounted on a glass hair. In both cases 
the samples are put inside a nonmagnetic plastic straw. 
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4.3 The Curie-Weiss Regime (T >> TC) 
In the mean field (MF) approximation it is assumed that every magnetic atom 
experiences a field proportional to the macroscopic magnetization. This field aligns 
all spins below the ordering temperature, Tc. If only the nearest neighbor 
interactions are taken into account in a material with ferromagnetic interactions, 








J cB       (4.1)  
 
In which, S is the spin quantum number, kB is the Boltzmann constant and z is the 
number of nearest neighbors (z = 4 in case of the 2D and z = 2 for the 1D hybrids).  
A positive magnetic exchange integral (J > 0) results in ferromagnetic order below 
Tc and a negative exchange interaction in antiferromagnetic order. 
At temperatures above Tc the material is in the paramagnetic regime. The thermal 
fluctuations dominate the magnetic interactions with the result that the spins are 
not aligned. Far above Tc the relation between the magnetic susceptibility and the 









       (4.2) 
 
Herein, C is the Curie constant, cw is the Weiss Temperature, T is the temperature 
and 0 are the temperature independent contributions (diamagnetism, van Vleck 
paramagnetism). The Weiss temperature is positive for ferromagnetic interactions 
and negative for antiferromagnetic interactions. The Curie constant is related to 














In this formula, N is the number of magnetic ions, and B is the Bohr magneton. The 
values for peff are related to the spin quantum number, S, via:  
 
2/1)]1([  SSgpeff       (4.4) 
 
Equation (4.4) is referred to as “the spin only value”. It does not take into account 
the contributions of the orbital angular moment, L, which is quenched in many 
complexes. In (4.4) g is the Lande factor. When L=0, g is approximately 2. For d-
block metals, indeed, the orbital contributions are small and equation (4.4) gives a 
good estimate of the spin quantum number. With help of equations 4.1 to 4.4 the 
spin configurations of the metal ions can be determined on the basis of the Curie-
Weiss behavior. Another parameter that can be derived from the paramagnetic 
regime is the Weiss temperature, cw. This parameter is a measure for the magnetic 
correlations in the material: cw is zero whenever the magnetic interactions cancel 
out or are absent. In the mean field theory, the magnetic exchange constant, J, can 
be estimated from equation (4.1), by replacing Tc with cw. 
In figure 4.2 the inverse magnetic susceptibility is plotted versus temperature for 
the hybrids with the chemical formula MX3+x(C6H5CH2CH2NH3)1+x with M= Mn, Fe, Ni, 
Co or Cu. At high temperature the curves are linear, which denotes paramagnetic 
behavior. In this regime, the susceptibility has the same value along all 3 
crystallographic axes; no significant spin anisotropy can be observed and thus the 
spins are assumed to be Heisenberg-like. In the paramagnetic regime, the inverse 
susceptibility is fitted with the Curie-Weiss law (4.2). The effective magnetic 
moments and the Weiss temperatures that are derived from this fit are 
summarized in table 4.1. The inverse susceptibility of the Cu-hybrid is not 
completely linear. It shows a kink near 240 K, which is due to a phase transition 
that is further described in chapter 5. The linear parts on both sides of the curve 
are fit independently. For the Co-, Ni- and Cu- hybrid only one electron 
configuration is possible, and the obtained values approach these theoretical 
values. In the Mn-hybrid the measured effective moment shows that the ion is in 
the high spin configuration. The experimental values for the effective magnetic 
moment are in good agreement with the theoretical (spin only) effective moment, 
except for the case of the Fe-hybrid. 
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In the case of the Fe-hybrid an effective moment of 2.2 B is measured, which 
corresponds to a spin of S=0.7 and is an intermediate between the high and low 
spin situation. For Fe2+, the different spin values are close in energy and 




Figure 4.2: The inverse magnetic susceptibility versus temperature for the five hybrids. The 
squares are the data obtained from powder samples and the line shows the Curie-Weiss fit. 





The Weiss temperature is negative for the Mn, Fe, Ni and Co based hybrids. This 
indicates that antiferromagnetic interactions are present in these materials. The 
Weiss constant of the Fe-hybrid, is -221 K, and is the highest value observed in this 
series. The other extreme is the Co-hybrid, which has a Weiss temperature of only -
2.5 K. This low value indicates that the magnetic interactions are small. The Cu-
hybrid has a positive Weiss constant of 53 K. This indicates that the magnetic 
interactions in this material are ferromagnetic. The mean field exchange 
parameters, J, are determined with (4.1) and listed in table 4.1. For the 2-
dimensional hybrids the exchange constant J is the largest in the ferromagnetic Cu- 
hybrid (27 K) followed by the Fe- (-14 K) and the Mn- (-6 K) hybrids. In the 1-
dimensional Ni-hybrid the exchange parameter is -27 K. In the following paragraphs 
the relation between these observations, the long and short range magnetic order 
and the crystal structure is discussed.  
 
Table 4.1: Magnetic properties of the (C6H5CH2CH2NH3)1+xMCl2+x in the paramagnetic regime.  
[* for the Fe the theoretical spin value of S=2 was used in the calculations. ** Below 240 K]  
 
 
4.4 Magnetic order in the 2-dimensional hybrids 
4.4.1. Short Range Order (T > TC) 
Low dimensional magnetic systems are not a good place to start when developing 
materials for magnetic data storage. For this type of storage, long range magnetic 
order is necessary and this long range order is not allowed in low dimensional 
Heisenberg systems! This suppression of long range order is described by Mermin 
and Wagner.6 They state that: “at nonzero temperature, a one- or two- dimensional 
 Mn Fe* Co Ni Cu 
peff (B) [measured]  6.0 2.2 4.3 2.6 1.2 
Peff (B) [high spin]  5.9 4.9 
3.9 2.8 1.7 
Peff (B) [low spin]  1.7 0 
(K) -149 -221 -2.5 -72 53** 
Tc(K) 47 102 0 8 13 
J/kB (MF) -6 -14 -0.5 -27 27 
J/kB (SR) -9 -21 - -20 - 
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isotropic spin Heisenberg model with finite range exchange interaction can be 
neither ferromagnetic nor antiferromagnetic”.6 This statement is proven by 
application of the Bogoliubov inequality to low dimensional isotropic Heisenberg 
models. Mermin and Wagner solved this inequality and showed that spontaneous 
symmetry breaking is absent in systems that have 2 or less dimensions. Physically 
this theorem can be interpreted in the following way: The ground state of low 
dimensional magnetic Heisenberg systems is magnetically ordered. However, this 
ground state is never observed due to fluctuations. The magnetic excitations are 
low in energy, because there is no energy gap between the ground state and the 
excitations. Therefore, at any temperature above absolute zero, the thermal 
energy will be sufficient to destroy the ordered ground state. Thus in low 
dimensional magnets no long range ferromagnetic and antiferromagnetic order can 
be observed. However, not all magnetic correlations are destroyed by these 
excitations. Short range magnetic order can still be observed. There are numeric 
ways to approach this short range behavior, such as the famous model by Bonner 
and Fisher for a linear Heisenberg chain with S=1/2.7 This section discusses the 
short range order in the hybrids with 2-dimensional magnetic systems.  
In the previous section it was argued that hybrids are low dimensional Heisenberg 
magnets and therefore no long range magnetic order is expected. From the Curie-
Weiss fits, however, it is shown that the local magnetic interactions in the 2-
dimensional hybrids are strong. At high temperatures the system acts as a 
paramagnet. But when the temperature is lowered the magnetic system enters a 
regime where these magnetic exchange interactions dominate the magnetic 
susceptibility and the Curie-Weiss behavior does not longer hold. This happens 
around 70 K, 100 K and 200 K respectively for the Cu-, Mn- and Fe- based hybrids, 
as can be seen in figure 4.2. Due to the accumulation of fluctuations in the 2-
dimensional network, the magnetic correlation length is limited. The signature of 
these short range interactions with antiferromagnetic order is pronounced.2 In the 
2-dimensional hybrids with antiferromagnetic exchange (the Mn- and Fe- hybrid) a 
broad maximum is observed in the magnetization versus temperature (figure 4.3). 
This feature is a characteristic of short range magnetic phenomena in 
antiferromagnetic low-dimensional systems. The Schrödinger equation that 




lattice with antiferromagnetic interactions can not be solved exactly. However, 
Lines5 showed that it can be approached by a numerical expansion. This series 
expansion of the magnetic susceptibility for a 2-dimensional Heisenberg system, in 





















     (4.5) 
 
In which g is the Lande g-factor (taken to be 2), B is the Bohr magneton, N is the 





TkB        (4.6) 
 
The coefficients Cn are different for each spin quantum number. The expansion was 
cut off after the sixth term. The parameters for Fe (S = 2) Cn = 4, 1.500, 0.253, 0.258, 
0.124, 0.015 and for Mn (S = 5/2) Cn = 4, 1.333, 0.178, 0.267, 0.104, 0.022. The fit 
function was adjusted with two extra variables. A negative, temperature 
independent term is introduced to compensate for the diamagnetic contributions 
of the sample holder. This value was, in all cases, less than 10% of the measured 
maximum value. The second variable is a scaling parameter which can correct for 
the error in mass and the deviations in the magnetic moment of the ions (in the 
calculations the theoretical high spin values are used). This scaling parameter is a 
constant that is multiplied with the calculated magnetic susceptibility to get to the 
measured value. These factors deviate considerably from unity; it is 2 for the Fe-
hybrid and 0.1 for the Mn-hybrid. It is unlikely that these factors are the result of 
errors in the mass only. The exact origin of the deviation is thus far unclear. From 
the fit the short range magnetic exchange parameter (SR), J/kB, is found to be -9.3 




Figure 4.3: The magnetic susceptibility versus temperature for both the Mn- and the Fe-
based hybrids in the regime that is dominated by short range correlations. The short range 
magnetic correlations cause broad peaks in the magnetic susceptibility that can be fit (grey 
line) with a numerical approach. 
 
These values are not influenced by the scaling factors, as they only depend on the 
temperature at which the magnetic susceptibility has its maximum. The magnetic 
exchange parameters obtained in the short range order regime are about 1.5 times 
higher than the Mean Field value of J that was derived from the paramagnetic 
regime, see table 4.1. The mean field value underestimates the value of the 
exchange parameter, J, that is derived form the Tc with equation 4.1. The mean 
field theory disregards the short range interactions above Tc and therefore it is not 
valid for low dimensional magnetic systems approaching the long range ordering 
temperature.1 
For the Cu-hybrid with ferromagnetic interactions, this short-range order also 
appears as a deviation from the Curie-Weiss behavior below 70K. However, 
because of the ferromagnetic interaction the short range order only shows a 
deviation from the Curie-Weiss behavior and not a peak as for the 
antiferromagnetic short range order. As the short range order in ferromagnetic 
layers is less pronounced, it has hardly been discussed in the literature. We are 
unable to find a numerical approach for the behavior of the magnetic susceptibility 
of a 2-dimensional lattice with ferromagnetic interactions. Therefore the short 






4.4.2 Long Range Order in the Mn- and Fe- Hybrid 
Surprisingly, the 2-dimensional hybrids do show long range order with a relatively 
high Tc. Long range order sets in below 47 K for the Mn- and at 102 K for the Fe- 
based hybrids, as shown in figure 4.4. Similar magnetic behavior has previously 
been reported for hybrids with similar perovskite layers intersected by alkane 
chains;8 For Mn- based alkane hybrids the ordering temperatures lie between 37 
and 47 K. For the Fe- based alkane hybrids the reported ordering temperatures lie 
between 94 and 105 K.9-11 The presence of spontaneous magnetic order is 
supported by the observation of hysteresis in the magnetization (M) in varying 
magnetic field (H), see figure 4.4. 
 
Figure 4.4: Left) Magnetization versus temperature for the 2-dimensional hybrids based on 
Mn and Fe in the regime where long range ordering sets in. The materials show long range 
magnetic order below 102 K for the Fe-hybrid and 47 K for the Mn-hybrid. Right) The 
magnetization versus magnetic field at 5K for the Fe- and Mn- hybrid. Both materials show 
a slight hysteresis in the magnetization in the order of 500 Oe. This hysteresis is the result 
of the ferromagnetic component in the long range ordered states, as a result of the canting 
of the antiferromagnetically ordered spins. 
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The coercive field at 5 K is approximately 500 Oe. The hysteresis is due to magnetic 
remanence of the material, which can only explained by long range magnetic order. 
For the Mn-hybrid the onset of long range order has also been confirmed by 
neutron experiments. Below Tc the neutron spectrum showed extra peaks that 
were caused by long range antiferromagnetic order, see figure 4.5. The number of 
peaks was not sufficient to determine the exact magnetic structure of the hybrid. 
However, among other magnetic structures, the magnetic structure in figure 4.6 is 
in accordance with this neutron pattern. 
The long range order is also observed in the magnetization versus temperature. 
This magnetization increases dramatically below Tc and follows a ferromagnetic 
order parameter behavior, upon decreasing temperature (figure 4.4). The magnetic 
behavior of the manganese and iron based hybrids look similar; the shape of the 
magnetization versus temperature indicates a ferromagnetic component. However, 
the saturation magnetic moment is two orders of magnitude smaller than the value 
in case of fully aligned spins. This implies that the materials are canted 
antiferromagnets, just as was suggested for the alkane based hybrids with these 
metal ions.2 The easy axis of the magnetic spins lies perpendicular to the plane, 
along the c-axis, and as a result the ferromagnetic moment is parallel to the 
inorganic plane. A model of this magnetic order is shown in figure 4.6. 
Figure 4.5: Neutron powder diffraction data for the Mn-hybrid. The points are the data, the 
grey line is the fit of the data with the canted antiferromagnetic arrangement of the spins. 
The line below reflects the difference between the data and the fit. The arrows that point 
downwards indicate the peaks induced by long range magnetic order. The refinement was 




Figure 4.6: A side view of the octahedrons in the Fe- and Mn- hybrid. The octahedra are 
buckled with respect to the c-axis, this causes the spins to cant, resulting in a canted 
antiferromagnetic structure. The easy-axis of the spins is perpendicular to the plane and 
thus the ferromagnetic moment lies in the plane. 
 
In the Mn- and Fe- hybrids, the magnetic interaction is not caused by direct 
exchange, but exchange mediated by a Cl- ion. Such exchange is described by 
Anderson13 and Kanamori.14 For a material with only one type of metal ions and M-
Cl-M angle, , of ~180° such interactions are antiferromagnetic. This magnetic 
interaction is very common in inorganic materials and is called superexchange.13, 14 
The magnitude of the magnetic exchange integral, J, depends on the M-Cl-M angle. 
Superexchange explains the antiferromagnetic interaction, but does not explain the 
canting. The canting of the spins results in a net magnetic moment in the plane, 
which is in agreement with the observations of the magnetization. The canting 
could be caused by the spin orbit coupling that forces the spin to follow the 
buckling of the octahedra as is shown in figure 4.6. This implies that a small spin 
orbit coupling is present and or previous statement about the absence of this 
coupling is not completely true. However, the canting can be the result of a small 
spin orbit coupling, which would not affect the data in the previous sections more 
than a few percent.  
 
4.4.3 Long Range Order in the Cu-hybrid 
Although the Cu-based hybrid consists of similar 2-dimensional perovskite layers as 
the Mn- and Fe- hybrids discussed in the previous section, the magnetic properties 
differ substantially. This material shows long range ferromagnetic order below 13 K, 
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as is shown in figure 4.7. The magnetic structure of this hybrid has previously been 
reported by Estes et al.15 and is very similar to alkane based Cu-hybrids.2, 16-18 The 
magnetic moment points along the crystallographic a-axis (parallel to the diagonal 
of  the inorganic square lattice) and approaches the fully saturated value of 1 B 
/Cu (see figure 4.7).  
For the Fe- and Mn- based hybrids the two neighboring metal ions interact via a 
180° superexchange path mediated by the Cl- ion located between the metal ions. 
This superexchange leads to antiferromagnetic coupling. The occurrence of 
ferromagnetism in the copper based hybrid is related to the Jahn-Teller effect of 
the Cu2+ ion. The octahedra of the d9 ion are elongated along one axis. This longer 
axis lies in the inorganic plane and is oriented perpendicular to the long axis of the 
neighboring octahedron to maintain the square lattice. This alternation of long and 
short bonds results in long range orbital order. The magnetic spin is located in the 
d(x2-y2), which is aligned with the long axis of the octahedron and thus the 
magnetic orbitals on neighboring metal ions are almost orthogonal to each other. 
(The angle is 86.51° at 100 K). Neighboring magnetic ions experience ferromagnetic 
exchange2, 19 instead of the conventional antiferromagnetic 180° super exchange. 
Figure 4.7: Left) The magnetic susceptibility versus temperature for the Cu-hybrid shows 
ferromagnetic ordering at 13 K. The magnetic ordering in the copper based hybrid is 
ferromagnetic due to the 180° super exchange path that is modified by the Jahn-Teller 
distortion of the CuCl6 octahedra. The inset shows the magnetic anisotropy at a lower field 
of approximately 10 Oe. The magnetic easy-axis lies along the crystallographic a-axis. Right) 
The magnetization versus magnetic field for the Cu-hybrid at 5 K. The easy axis lies 
perpendicular to the c-axis (black curve). Already in a field of 200 Oe the magnetization 




4.4.4 Origin of the Long Range Order 
As is discussed in section 4.4.1, the theorem by Mermin and Wagner6, 20 states that 
ferromagnetism and antiferromagnetism are absent in 1- or 2- dimensional 
isotropic Heisenberg models for any value of S. This theorem was confirmed by the 
experiments on materials with low-dimensional magnetic interactions, many of 
which were inorganic-organic hybrids.1 In these low dimensional magnetic systems 
the long range order is destroyed by the accumulation of fluctuations. The short 
range order manifests itself as a broad maximum in the magnetization, as is shown 
in figure 4.3 and 4.9. Surprisingly, the hybrids discussed in this thesis show long 
range ordering at remarkable high ordering temperatures. The appearance of long 
range order in the hybrids is in contradiction with the theorem. In this section the 
possible origins of this violation are discussed for the ferromagnetic order in the 
Cu-hybrid. 
A first possibility for the onset of long range order is that the materials are not 
magnetically low dimensional. This would mean that there actually is an interaction 
between the inorganic planes in the 2-dimensional hybrids. Those magnetic 
inorganic layers are approximately 2 nm apart. This is farther than the distances 
that are normally covered by direct and super exchange magnetic interactions. 
Calculations by Drillon et al.21 show that, for ferromagnetic layers, the cooperative 
dipole-dipole interactions in the third direction can allow long range order with 
ordering temperatures as high as 13 K. They state that the dipole-dipole 
interactions that normally scale with the distance as 1/R3, can result in long range 
ferromagnetic order due to cooperative effects within the ferromagnetic planes. 
Those calculations, however, only show the relation between the in-plane 
correlations and the macroscopic magnetic susceptibility. They do not give a clear 
relation between the ordering temperature and the distance between the planes. 
In this model the weak (distance dependent) dipole-dipole interaction is assisted by 
the cooperative divergence of the in-plane magnetic correlation length. As a result 
the interaction will be only slightly dependent on the distance between the planes. 
However, as this model is based on the dipole-dipole interaction between the 
planes, still some distance dependence could be expected.  
From the experimental data (see figure 4.8) it is clear that, at short distance (<10 Å) 
between the inorganic sheets, there is a length dependent magnetic interaction 
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between the planes. This interaction is previously ascribed to intra-layer 
superexchange via the out of plane halides.22 It is stronger for hybrids based on the 
diammonium cations, as the inorganic sheets are not shifted with respect to each 
other (as is the case in the monoammonium cation based hybrids). The halides of 
the neighboring planes are closer, than for the monoammonium cations. As a result, 
the hybrids with an inter-plane distance smaller than 10 Å have significant 
magnetic interactions between the planes and the magnetic system is thus 3-
dimensional.  
At larger inter-plane distances the magnetic ordering temperature becomes 
independent of the interlayer distance and the magnetic ordering temperature 
approaches 8 K. This temperature is expected to be the 2-dimensional magnetic 
ordering temperature. At this temperature, the in-plane magnetic correlation 
length and the magnetization diverge.  
Figure 4.8: The magnetic ordering temperature versus the distance between the inorganic 
planes for various CuX4 based hybrids. In all the systems the copper ions are incorporated in 
a perovskite layer of CuX6 octahedra, the only variation is the organic spacer in between the 
layers. The data are a compilation of data given in references 8, 22-25. For some data points 
only the magnetic data were known and the structure was not reported. In those cases the 
distance was estimated on the basis of similar manganese-based hybrids or extrapolation.26 




At this temperature, any interaction (even if it is very weak) will facilitate the onset 
of long-range order, and therefore the magnitude of the interactions between the 
planes does hardly influence the magnitude of Tc. We conclude that the long range 
order is not induced by a weak interaction between the planes but by the 
divergence of the in-plane magnetic correlations at the onset of 2-dimensional 
order. 
This idea is supported by the magnetic properties of the 2-dimensional 
antiferromagnetic systems. In antiferomagnetically ordered 2-dimensional sheets 
the inter-planar magnetic dipole-dipole interactions are even smaller than for the 
ferromagnetic hybrids, because the planes have a much smaller net magnetization. 
The long range magnetic ordering in these antiferromagnetic systems sets in at 
much higher ordering temperatures: 43 and 102 K. This increase in ordering 
temperature is opposite to the trend expected for dipole-dipole interactions. 
Moreover, also in these antiferromagnetic hybrids, the transition temperature does 
not depend on the layer to layer distance8 and thus the dipole-dipole interactions 
are considered less important. 
A probable cause for the long range magnetic ordering in all the 2-dimensional 
hybrids is the presence of anisotropy. Anisotropy can open an energy gap between 
the magnetically ordered ground state and the excitations. In such a case, the 
magnetic ordering temperature depends solely on the size of this energy gap, . 
When T <  the system becomes Ising/ XY like and the Mermin Wagner theorem 
will no longer hold. The in plane interactions will result in the onset of long range 
ordering. The ordering temperature depends on the size of the anisotropy gap. This 
gap is independent of the interaction between the planes. Therefore this 
explanation is in agreement with the distance independent magnetic ordering 
temperatures shown in figure 4.8. The size of the anisotropy gap is hard to 
estimate as it has contributions of both single ion and exchange anisotropy. It will 
take further study to find the relations between the magnetic ordering 
temperatures and the anisotropy. The existence of an anisotropy gap can be 






4.5 Magnetic Order in the 1-dimensional Hybrid 
In the Ni-hybrid 1-dimensional inorganic magnetic chains are present. Like the 2-
dimensional hybrids, the Ni-hybrid material shows three distinct regions: the 
paramagnetic, the short rang order and the long range order regime. As is shown in 
paragraph 4.2, the Curie-Weiss fit in the paramagnetic regime confirms the S=1 
state of the Ni2+. The Weiss constant is -71 K, indicating antiferromagnetic 
interactions.  
 
4.5.1 Short Range Order 
Like in the 2-dimensional hybrids, the long range magnetic order is suppressed in 
the 1-dimensional Ni-hybrid. The short range magnetic order is reflected in a broad 
maximum in the magnetization versus temperature, as is shown in figure 4.9. The 
Hamiltonian that describes the behavior of the magnetization in a 1-dimensional 
Heisenberg chain with S=1 and antiferromagnetic interactions can not be solved 
exactly. However, the magnetization close to the maximum can be numerically 






















 . This formula is valid for antiferromagnetic interactions and 
isotropic spins. This polynomial was obtained by Weng28 by extrapolation of 
calculations on ring systems of increasing length. We introduced two extra 
parameters. To correct for the diamagnetic contributions a temperature 
independent value of 0.00749 emu/mol is added. The function was multiplied with 
1.37 to account for errors in the mass and the mismatch between the theoretical 
and actual magnetic moment (2.8 versus 2.6 B, see table 4.1). The fit was optimal 
for a magnetic exchange constant of J/kB = -20. This value is lower than the mean 
field result of -27 that was derived from the Curie Weiss fit.  
The magnitude of the magnetic susceptibility, in the regime of short range order, 




influenced by the paramagnetic impurities. As domain walls and grain boundaries 
can also appear as paramagnetic impurities the particle size of the sample may also 
play a role. Both parameters were thus far not taken into account in the model.  
The integrated Electron Spin Resonance (ESR) absorption corresponds to the spin 
susceptibility of the material and shows a similar broad short range order peak as 
was observed in the magnetic susceptibility (see figure 4.9). However, the 
maximum appears at a lower temperature, namely at 15 K, instead of the 25 K that 
is observed in the magnetization. If the integrated ESR absorption is extrapolated 
towards lower temperature it is going to zero at T= 0, as is expected for a Haldane 
system. The difference between the magnetization data in figure 4.9 and 4.10 can 
be due to the difference in magnetic field. The magnetization data was collected at 
100 Oe and the ESR data at 3000 Oe. Further investigations should clarify the 
magnetic phase diagram. Another origin might be the contribution of impurities. 
The ESR zooms in on a resonance at a certain value for g. As paramagnetic 
impurities often have a different g, they do not add up tot the data, as is the case 
for the magnetization measurements.   
 
 
Figure 4.9: The temperature dependence of the magnetic susceptibility of the powder 
sample of the Ni-hybrid in a field of 100 Oe. The magnetic susceptibility data (black dots) 
show a broad maximum around 25 K, which can be fit (grey line) to the Weng equation.
27,28
 




Figure 4.10: The integrated Electron Spin Resonance (ESR) absorption versus temperature 
for a single crystal of Ni-Hybrid. The integrated ESR absorption corresponds to the spin 
susceptibility of the material. It shows a broad maximum around 15 K that is ascribed to 
short range magnetic order. These ESR experiments were performed at the Leibniz Institute 
for Solid State and Materials Research (University of Dresden) by F. Lipps, V. Kataev and B. 
Büchner. 
 
4.5.2 Behavior at Low Temperature 
Around 8 K the magnetization of the Ni-hybrid shows a deviation from the 
expected behavior for a 1-dimensional antiferromagnetic spin chain, see figure 4.9.  
Initially we suspected that this transition could be related to the opening of a 
Haldane gap. A Haldane system is a 1-dimensional S=1 Heisenberg systems that 
undergoes spin-pairing transition, which is characterized by the formation of a non-
magnetic ground state. In such a case the upturn in the magnetization data could 
be the result of the presence of paramagnetic impurities. Although the ESR data 
are in line with the non-magnetic ground state (=0 at T=0 K), no signature of a 
Haldane gap formation was observed. 
Moreover, magnetization measurements on single crystals below 8 K show clear 
difference between the magnetization along the chain and perpendicular to the 
chain (figure 4.11). This anisotropy is the signature of long range order and can not 
be explained by the presence of paramagnetic impurities or by a Haldane phase, as 




Figure 4.11: Magnetic susceptibility versus temperature in different crystallographic 
directions for the Ni-hybrid. Below 8 K anisotropy is observed, which indicates long range 
magnetic ordering.  
 
The anisotropy and temperature dependence of the magnetic susceptibility, in the 
Ni-hybrid, resembles antiferromagnetic order, such as observed in RbNiCl3,
29, 30 
which consists of similar 1-dimensional arrays of face sharing NiCl6 octahedra. The 
neutron data for RbNiCl3 could not resolve if the ground state is a canted 
antiferromagnetic or a spiral state. But, the resemblance with data for the Ni-
hybrid affirms the presence of magnetically ordered state below 8 K. Though, no 
conclusions about the precise magnetic structure can be drawn at this point. 
 
4.6 Conclusions  
The magnetic behavior of the 0-, 1-, and 2- dimensional hybrids with the formula 
MCl3+x(C6H5CH2CH2NH3)1+x shows three different magnetic regimes. At T>>Tc 
thermal fluctuations dominate the magnetic interactions and the materials follow 
the Curie-Weiss behavior. The Curie-Weiss fits show that all magnetic ions are in 
the high-spin configuration, except for the Fe-hybrid. The dimensionality of the 
inorganic backbone confines the magnetic system. This is clearly reflected in the 
magnetic properties at lower temperatures. The 0-dimensional hybrid shows no 
Magnetism 
 79 
magnetic order down to 2 K. The Co-ions are isolated from each other and 
therefore the magnetic interactions are small.  
The 1-dimensional Ni-hybrid does show magnetic order. However, due to the low 
dimensionality of the magnetic system, long range order appears at a lower 
temperature than expected from the Weiss temperature. The short range order 
shows very good agreement with the theoretical model for a 1-dimensional S=1 
Heisenberg chain with antiferromagnetic interactions, down to 8 K. The short range 
order was also observed with ESR measurements. Below 8 K and in a field of 100 
Oe, the material enters a long range antiferromagnetic ordered phase.  
Also in the 2-dimensional Fe-, Mn- and Cu- hybrids, the low dimensionality of the 
magnetic system suppresses the long range ordering. Long range magnetic order 
sets in at 102, 47 and 13 K respectively. The presence of magnetic anisotropy 
allows for relatively high ordering temperatures. Superexchange and a buckling of 
the octahedra results in canted antiferromagnetic order for the Mn- and Fe- 
hybrids. The Cu-hybrid is, however, ferromagnetic, due to the orbital order that is 
induced by a coherent Jahn Teller distortion.  
The magnetic ordering temperatures are still too low for the use in applications. 
But optimization is feasible as the magnetic transition temperature in the 2-
dimensional hybrids is completely defined by the onset of 2-dimensional ordering. 
This 2-dimensional ordering is, in turn, determined by the magnitude of the 
anisotropy and the magnetic exchange interactions. Calculations of Igor Shokaryev 
31 show that these exchange interactions can be increased via double exchange by 
adding a magnetic doping. Thus there are simple tools available to push the 
ordering temperature towards room temperature. 
Another important parameter for the application of these magnetic materials in 
devices is the type of magnetic order. Traditional data storage materials consist of 
ferromagnetic ordered materials. In the studied series of hybrids, only the Cu-
hybrid is ferromagnetic. The ferromagnetism in this hybrid is caused by the Jahn-
Teller distortion of the copper ions. The other 2-dimensional hybrids show 
antiferromagnetic order but might still be of interest for applications, as the 
canting of the spins results in a net magnetic moment too. This magnetic moment 




In conclusion, the 2-dimensional hybrids show magnetic ordered phases that can 
be of relevance for soluble magnetic electronics. The further development of these 
materials should be focused on increasing the magnetic ordering temperatures, for 
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Chapter 5  
Electronic Properties  
 
In this chapter we discuss the electronic properties of the organic-inorganic hybrids. 
In the first part, the experimental set-up and the intrinsic electronic properties are 
discussed. The transition-metal-based hybrids show resistivities in the order of 
GΩ*m and have a bandgap between 1.5 and 2.5 eV. In the second part of this 
chapter the effect of doping is discussed.1 We show that the insulating hybrid 
CuCl4(C6H5CH2CH2NH3)2 can be doped with electrons. The doped interface exhibits 
an enhanced conductance by five orders of magnitude and a reduction of the 
activation energy from 1.0-1.8 to 0.17 eV. 
 
5.1 Introduction 
Conventional electronics is fabricated from inorganic materials because of their 
robust electronic and magnetic properties. However, the use of inorganic materials 
is characterized by expensive processing and fabrication processes. Organic 
materials are less robust, but enable inexpensive fabrication by means of spin 
coating and printing. Another advantage of the organic semiconductors, with 
respect to Si, is that they can have a direct bandgap which makes them more 
suitable for optical applications. The molecular and polymer organic soluble 
semiconductors are reviewed by Brown et al.2  
Organic-inorganic hybrid materials combine the robustness of inorganics with the 
processability of organics3,4 For this reason the organic-inorganic hybrids have been 
regularly studied in the search for high mobility soluble semiconductors. A review 
for the soluble inorganic and hybrid crystalline semiconductors is given by Mitzi.5 
To our knowledge, however, the electronic properties of the magnetic hybrids with 
the composition MCl3+x(C6H5CH2CH2NH3)1+x (with M= Cu, Ni, Fe, Mn and Co) are still 
unexplored. 
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A well-known example of a non-magnetic soluble organic-inorganic hybrid 
semiconductor, is SnI4(C6H5CH2CH2NH3)2. This hybrid semiconductor can be used to 
fabricate field effect transistors by spin coating, with mobilities approaching 
1cm2/Vs.6 It consists of 2-dimensional SnI4
2- perovskite layers that are interleaved 
by the organic molecules. The structure is very similar to the 2-dimensional 
organic-inorganic hybrids based on transition-metal ions as discussed in chapter 3. 
The conductivity of the tin-based hybrid can be tuned by the choice of the organic 
group.7 This group does not contribute to the conductivity itself, nor does it dope 
the inorganic sheet: Their different intermolecular interactions result in a buckling 
of the inorganic sheet. This distortion affects the conductivity as it changes the 
orbital overlap that is responsible for the carrier transport. In the same paper, it is 
also shown that the conductivity is greatly influenced by the hole doping as a result 
of the oxidation of Sn2+  to Sn4+.7  
Another way to tune the conductivity in this tin-based hybrid is by growing double 
and triple layers of the perovskite sheet, as was shown by Mitzi et al.8. This can be 
achieved by using a combination of very small and large organic cations. Small ones 
can be incorporated in a 3D perovskite lattice and big cations cannot. By adjusting 
the ratio of the two cations, multiple layers can be generated. The more “3D-like” 
the hybrid becomes, the better it conducts the carriers. From the literature, it 
seems that the tin-based hybrid is more or less an ideal template for soluble 
semiconductors but unfortunately this material is toxic and sensitive to air which 
makes it less suitable for applications. In the next paragraphs the non-toxic, stable 
and magnetic transition-metal based hybrids are discussed that have the 
composition MCl3+x(C6H5CH2CH2NH3)1+x (with M= Cu, Ni, Fe, Mn and Co). Those 
materials have a structure similar to the tin-based hybrid and they add an extra 
functionality: magnetism.   
The hybrids discussed in this chapter all have the same organic component, the 
phenylethylammonium cation. The inorganic component consist of MCl4
2-, with M= 
Cu, Ni, Fe, Mn and Co. Depending on the metal ions these hybrids form 0-, 1- or 2- 
dimensional inorganic networks, as discussed in chapter 3. In the same chapter, it is 
shown that these organic conjugated -systems do not have appreciable electronic 
overlap as they are arranged in the edge-to-face fashion. Therefore, it is expected 
that the electronic properties of those hybrids mostly depend on the inorganic 
 Electronic Properties 
 
 85  
component. The 0-dimensional hybrid does not contain an extended inorganic 
network and is therefore expected to have a significantly lower conductivity 
compared with the higher dimensional hybrids. The reduced dimension of 1-
dimensional hybrid will result in a divergence of the density of states (DOS) at 
certain energy values. At those energies, this results in a higher DOS and thus 
potentially more carriers are available (compared to a 3-dimensional system), 
which would increase the conductivity. However, the bands are very narrow and 
thus the mobility of the carriers is limited, which exactly has the opposite effect on 
the conductivity. In a 2-dimensional hybrid the conductivity is expected to be 
slightly lower than for a 3-dimensional system, as the DOS is slightly lower and the 
bandwidth is not affected. It is unclear how the conductivity of the 1- and 2- 
dimensional hybrids would relate. In conclusion, the lowest conductivity is 
expected for the 0-dimensional hybrid and the highest for the 1- and 2-dimensional 
hybrids. 
 
5.2 Lay Out of the Measurements 
5.2.1 The Contacts 
As the hybrid consist of organic and inorganic components, not all contact-making 
techniques are suitable. Firstly, the contact method should not expose the material 
to (too much) heat, as the organic-inorganic hybrids decompose at temperatures 
above 450K. Secondly, the materials are very soluble and therefore solvent based 
contact techniques have the risk of damaging the crystal surface. Therefore, the 
techniques that are often used for inorganics, like sputtering gold or painting 
composites, are not suitable for contact formation on the organic-inorganic hybrids. 
Fortunately, organic crystals have a comparable thermal stability and solubility as 
the organic-inorganic hybrids and therefore the techniques that are used in this 
field are very suitable for the hybrids. In the following successful painting, 
lamination and evaporation techniques will be discussed.  
In all cases, a clean crystal surface was created before the contacts were deposited. 
This clean surface was obtained by cleaving the crystals with Scotch tape. The 
connection between the organic layers is the weakest and therefore the organic 
material is present at the surface. As it was expected that the inorganic component 
will contribute most to the conductivity, the contacts are made in a direction that 
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allows the carriers to be transported within the inorganic plane or chain. Thus the 
contacts lie in the a-b plane for the 2-dimensional hybrid and along the a-axis for 
the 1-dimensional hybrid.   
The first, and most simple, technique that was used to contact the hybrid materials 
was the painting of contacts on top of the crystal. For this technique both carbon 
paste, silver paste (Acheson Electrodag 1415M, based on methyl-isobuthyl-ketone) 
and composite (Chemtronics, Circuit Works, Conductive Epoxy CW2400) were used. 
The contacts were painted by hand and dried in air. The resulting contacts are 
Ohmic. This is a suitable technique as no heat is used. Fast drying and apolar or 
aprotic solvent based paints should be used to prevent the surface from being 
solved in the paint. A drawback of the manual contact painting technique is that 
the contacts are at least 0.1 mm apart.  
Figure 5.1: Different contact techniques that were used for the hybrids. A) A laminated Mn-
hybrid crystal on Si/SiO2. B) Gold contacts in both 2-point (left) and 4-point configuration, 
evaporated through a mask on a Cu-hybrid crystal. C) TTF-TCNQ contacts on a Cu-hybrid 
crystal. In all pictures the distance between the (2-point) contacts is 30-100µm. 
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In order to generate high electric fields and capacitances it is essential to put the 
contacts much closer together. In such a case, lamination and evaporation 
techniques were used see figure 5.1.  
For the lamination technique9 gold contacts where evaporated or sputtered though 
a mask on a wafer of doped silicon covered with silicon dioxide. A small, thin and 
smooth crystal was selected and carefully placed on top of this insulating substrate 
with patterned Au contacts. If the crystals are smooth and thin they will adhere to 
the substrate and the adhesion is strong enough to make Ohmic contacts. This is a 
technique makes the least damage to the contact crystal interface, as nothing is 
put directly on top of the crystals. Moreover, the laminated devices can also 
directly be used in a field effect transistor set-up. 
Direct evaporation through a mask is more suitable (see figure 5.1 B and C) for the 
bigger and rougher crystals. In this contact technique mostly gold was used as 
contact material. Interface damage could be prevented by slow evaporation of the 
contacts to minimize the exposure to heat. Instead of gold also TTF-TCNQ10 can be 
used. This organic material is metallic and has a lower evaporation temperature 
and thus the interface damage due to heat is expected to be less than for gold.   
 
5.2.2 The Measurement 
The hybrids have a very high resistivity and therefore I-V measurements were not 
trivial. We used a probe station combined with cryo cooling or heating, for which 
the contacts of the devices can be probed directly. This method is conveniently fast, 
and moreover one has the possibility to access many contacts when the system is 
closed. However in case of very resistive materials the currents are so low (~100 pA) 
that probes usually give a too high noise level. The noise level can, in most cases, 
be reduced by 1 or 2 orders of magnitude by using permanent wires between the 
sample and the measurement machinery.  
For the painted contacts a platinum wire is put directly in the paint. This wire is 
soldered to a sample holder and then clamped in the measurement set-up. For the 
other contact methods silver paint or indium are used to connect these wires to 
the contacts. From the measurement set-up to the actual measuring machine 
shielded coax or triax wires were used.  
 
 Chapter 5 
 
 88 
Figure 5.2: Typical 2-point I-V measurements on the Cu-hybrid. The voltage was swept from   
-100 to 100 Volt. Between -20 and 20 Volt the current, in the samples (with varying 
thickness), shows linear voltage dependence, indicating Ohmic contacts.   
 
For the 2-point current-voltage (I-V) measurements, a Keithley Instruments 236 
electrometer or a Hewlett Packard Semiconductor Parameter Analyzer 4155 B was 
used. For R < 1 G, 4-point measurements were performed by sourcing a voltage 
or current with the Keithley 237 and measuring the voltage with the Hewlett-
Packard 3458 multimeter.  
Because of the very high resistivity of the material, the sourced current could not 
generate a reliable voltage and the 4-point measurements were dominated by 
unreliable values. However, the linear current to voltage relation in the 2-point 
measurements (figure 5.2) and the similarity of the results for different contact 
techniques imply that the contact resistance does not play a prominent role and 
the 2-point values can be regarded as intrinsic material properties. 
Besides the devices for I-V measurements, also devices to measure the field effect 
are fabricated. Field Effect Transistors (FETs) have source and drain contacts, just 
like the devices that are used for the I-V measurements. Besides, they have an 
extra “gate” contact, which is isolated from the crystal by a thin layer of dielectric. 
This gate contact acts as a capacitor and by changing its potential the number of 
carriers on the other side of the dielectric (in the crystal) can be tuned. FETs were 
made in both top-gate and bottom-gate configuration. For the top-gate, the 
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insulator and gate contact are on the same side of the crystal as the source and 
drain contacts. The laminated devices and the evaporated gold contact with an 
evaporated layer of the organic dielectric parylene, are suitable for this lay out. 
Very thin crystals also allow for the use of bottom-gate devices, in which the gate 
dielectric and contact are on the opposite site of the crystal with respect to the 
source and drain contacts. For this lay out crystals with painted or evaporated 
contacts were laminated on top of an unpatterned Si/SiO2 wafer. 
 
5.3 Intrinsic Electronic Properties 
5.3.1 Resistivity 
The hybrid single crystals with M= Mn-, Cu-, Co- and Ni- were analyzed by means of 
2-point resistance measurements. (The Fe-hybrid has not yet been analyzed, 
because its air sensitivity made the crystal growth and device fabrication very hard). 
Typical measurements are shown in figure 5.2. At low voltage the I-V curve is linear, 
which indicates Ohmic contacts. At higher voltages the I-V curve typically enters a 
nonlinear regime (space charge limited regime), in which the currents starts to 
follow a quadratic behavior. In this regime the applied electric field varies with the 
position in the sample (and is described by the Poissons equation), which results in 
a quadratic behavior between the charge density and the applied voltage.11 In this 
space charge limited regime, the current shows a hysteresis in the voltage sweep. 
This hysteresis varies from sample to sample but is always anticlockwise and 
depends on the sweep rate. We expect that this relative increase in current is the 
result of the release of accumulated charges of (surface) traps .12 
The main results for the electronic analysis for all four hybrids are shown in table 
5.1. All hybrids show a resistivity of the order of 1 G *m. The lowest resistivity is 
observed for the 1-dimensional Ni-hybrid and the highest resistivity is found for the 
0-dimensional Co-hybrid. It seems that the expected relation between the 
dimensionality of the inorganic network and the resistivity is absent. The low 
dimensional Co-hybrid has a resistivity of approximately 1 G m, similar to the 
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Table 5.1: Electronic properties of the hybrids in the room temperature phase.  
 
This similarity in the resistivity for all the dimensionalities can be a result of a 
parallel conduction channel in the organic component: the decreased conductivity, 
due to the low dimensionality of the inorganic component is compensated by the 
increase in conductivity of the organic component.  
In the 2-dimensional hybrids, the organic rings make an angle of ~77°, causing little 
- overlap. In the Co- and Ni- hybrid the - overlap is significantly larger as the 
angles between the rings are 55° and 42°, respectively, as discussed in chapter 3. 
This increase in organic overlap counteracts the localization of the carriers by the 
low dimensionality of the inorganic component, with the result that the 
conductivity in the 0D, 1D and 2D hybrids can be of the same order of magnitude. 
The resistivity of the 2-dimensional hybrids is remarkably high. The values are 
about nine orders of magnitude higher than the resistivity that was observed for 
the tin-based hybrids, which is in the order of 1 Ω*m.7  The cause of this large 
difference is not related to the organic sheets as they are chemically and 
structurally very similar. Moreover the organic sheets consist of a head to face 
arrangement of the phenyl rings. Therefore it can be assumed that the organic 
component does not contribute to the conductivity. The explanation for the 
discrepancy in the resistivity should therefore have its origin in the inorganic layers.  
Zaanen et al13 describe that the effective band gap is proportional to the charge 
transfer energy, in charge transfer semiconductors such as the MX4 layers. The 
charge transfer energy is the energy cost of transforming AB into A+B-. The band 
gap thus depends on the ionization energy of A and the electronegativity of B. The 
values of the (Pauling) electronegativity and the ionization energies for the Mn-, 
Fe-, Cu- and Sn- based hybrids are given in table 5.2. 
 
M = Inorganic 
dimensionality 
 (Ω*m) 300K Ea (eV)  
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Table 5.2: The electron affinities and ionization energies of the inorganic components in the 
hybrids.   
 MM+ M+M2+ XX- 
MnCl4(C6H5CH2CH2NH3) 7.435 15.64 3.16   
FeCl4(C6H5CH2CH2NH3) 7.869 16.18 3.16   
CuCl4(C6H5CH2CH2NH3) 7.725 20.29 3.16   
SnI4(C6H5CH2CH2NH3) 7.344 14.63 2.66 
 
From this simple model we conclude that the Sn-based hybrid should have a lower 
bandgap than the transition metal based hybrids. However, the shape and 
character of the valence orbitals are also expected to play a role. In the Sn-based 
hybrid the orbitals that are closest to the valence band are the I-5p and the Sn-5s 
orbitals.7 These orbitals extend far from the nucleus and are expected to have a 
more overlap than the less extended d-orbitals of the transition metals and the 3p 
orbital of the chlorine atom. This results in a broader bandwidth for the Sn-hybrid 
than for the transition metal based hybrids.   
Besides, we suspect that the conductivity in the tin hybrids is increased by the 
presence of impurities. Comparison of experimental data with band structure 
calculations7 revealed that there are extra acceptor energy levels inside the band 
gap of the tin based hybrid, which makes the effective band gap one order of 
magnitude lower than the intrinsic value of the material. These impurity bands 
increase the conductivity by several orders of magnitude. We assume that this hole 
doping in the tin-based hybrids is caused by the partial oxidation of Sn2+ to Sn4+ due 
to (short) exposure to air. The transition metal hybrids are not air-sensitive and 
impurities due to partial oxidation are unlikely to occur. The absence of impurities 
was confirmed by XPS measurements that showed no indications of valence 
coexistence or electron/hole doping. Thus, impurity bands are not present in the 
band gap, for our compounds.  
 
5.3.2 Thermal Activation of the Carriers 
The electrical resistance of the hybrids is reduced when the temperature is 
increased. This behavior indicates that the charge carriers are thermally activated; 
the thermal energy is used by the carriers to overcome the band gap between the 
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valence and the conduction band. The energy that is needed to overcome this band 








        (5.1) 
 
In which n is the number of activated carriers at temperature T, and C is a constant 
(proportional to the total number of carriers), Ea is the activation energy, and kB is 
the Boltzmann constant. It is assumed that the Fermi energy lies exactly in the 
middle of the energy gap. The number of activated carriers thus increases 







       (5.2) 
 
In which  is the mobility and e the charge of the carriers. As n  -1: plotting ln  
versus 1/T results in a straight line, with slope Ea/2kB. These so called Arrhenius 
plots are shown in figure 5.3.  
The Co- Mn- and Ni- hybrid show Arrhenius behavior. (At low temperatures, the 
curves are nonlinear because we run into the detection limit of the measurement 
setup, and the resistivity is not reliable). From the slopes of the curves the 
activation energy was calculated to be 1.6 eV for the Co-hybrid, 1.5 eV for the Ni-
hybrid and 2.2 eV for the Mn-based hybrid. The behavior of the Cu-hybrid is not 
really Arrhenius-like as there is a phase transition at 340K. If we nevertheless 
assume that the behavior is Arrhenius-like on either side of this phase transition we 
find a band gap of 0.94 eV for the low temperature phase and 1.8 eV for the high 
temperature phase. If we assume that the Fermi level is in the middle of the 
bandgap, the activation energy in the low temperature phase indicates a bandgap 
of 1.88 eV, similar to the optical bandgap (~1.8 eV). 
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Figure 5.3: Arrhenius behavior for the thermally activated conductivity in the Co-, Ni-, Mn- 
and Cu- hybrid. At low temperatures the resistance exceeds the input impedance of the set-
up and the measurement is dominated by the noise. This results in apparent deviations 
from the Arrhenius behavior.  
 
5.4 The Effect of Doping 
Interfaces can display remarkable properties both in inorganic14 as well as organic 
materials. Recently, Alves et al.15 have demonstrated that metallicity can arise at 
the interface of two organic insulators. Here, we show that this method can also be 
used to significantly increase the conductivity in hybrid materials. These hybrids 
thus offer the possibility to dope 2-dimensional transition metal-based perovskite-
layers and study their charge transport properties. This constitutes a novel method 
of doping compared with cationic substitution that is widely used to fabricate the 
high-Tc cuprates and the colossal magnetoresistance manganates.  
The pure Cu-based hybrid CuCl4(C6H5CH2CH2NH3)2 is a ferromagnetic insulator. The 
hybrid is air stable, non-toxic and has a similar crystal structure16 as the material 
studied by Kagan et al.6 The inorganic component forms 2-dimensional perovskite-
like (corner-shared octahedra) sheets that cause long range ferromagnetic order 
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below the ordering temperature of 13K.17,18 We performed transport 
measurements on single crystals of this copper-based hybrid and focused on the 
properties that arise at the interface of this hybrid and a layer of the organic 
electron-donor tetrathiofulvalene (TTF). 
 
5.4.1 Methods  
The crystals were synthesized from solution. The structure and purity of the 
crystals were determined by single crystal and powder X-ray diffraction, on a 
Bruker APEX and D8 respectively. The crystal structure of the copper based organic-
inorganic hybrid consists of 2-dimensional sheets of corner sharing CuCl6 octahedra, 
as shown in figure 3.1c.  
The crystal structure agrees with reports in the literature and the good crystal 
quality is evidenced by the crystal structure refinement parameters wR(F2)=0.112 
and a GOOF=1.33. The Jahn-Teller active Cu2+ d9 ions cause a cooperative distortion 
of octahedra. They elongate in-plane in one direction while the other in-plane and 
the out-of-plane Cu-Cl distances have almost the same length. This introduces an 
antiferrodistortive arrangement of neighboring octahedra. The charge transfer 
energy is small because of this orthogonal arrangement of the half filled d(x2-y2)-
orbitals and it is also responsible for the ferromagnetic interactions, as discussed in 
chapter 4. Between the inorganic sheets of CuCl6 octahedra two layers of organic 
molecules are present. These organic molecules exhibit no - stacking and are not 
expected to contribute to the conductivity.  
 
Figure 5.4: A layer of TTF on top of the hybrid crystal results in charge-transfer at the 
interface. This interface shows an increase in the conductivity of five orders of magnitude, 
with respect to the pristine crystal. 
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For the electronic characterization 20 nm thick gold contacts or 100 nm thick 
tetrathiofulvalene-tetracyanoquinodimethane (TTF-TCNQ) metallic contacts were 
evaporated using a shadow-mask, with a gap of 90 μm between the current 
contacts and a gap of 30 μm between the voltage contacts. The area between the 
voltage contacts is 1.6 square. Platinum wires and silver paste connect the contacts 
to the probes, preventing the soft crystal from being damaged.  
In order to dope the crystals, two methods were used: 1. Field effect transistors 
were fabricated: firstly, lamination of the crystal onto prefabricated doped silicon 
with a silicon dioxide dielectric, and secondly evaporation of a parylene thin film 
dielectric on top of the crystals. Both techniques have proven to be very effective 
for the fabrication of thin film transistors of organic crystals.9,19,20 2. A layer of 
electrically insulating, electron donating tetrathiofulvalene (TTF) (600 nm thick) was 
evaporated on top of the crystal. In this case gold contacts were used to prevent 
re-evaporation of the TTF-TCNQ. Both 2- and 4- point resistance measurements 
were performed at room temperature using a probe station. The temperature 
dependent resistance measurements were performed using a Janis cryogenic probe 
station sourcing a constant current (Keithley Instruments 236 electrometer), and 
measuring voltages (Hewlett-Packard 3458 multimeter). All measurements were 
performed in the a-b plane of the crystal, parallel to the inorganic sheet.  
The CuCl4(C6H5CH2CH2NH3)2 hybrid is a very good insulator at room temperature. 
The attempts to increase the conductivity by making use of the field effect failed. 
Although the Field Effect Transistors (FETs) were fabricated by techniques that 
have proven to be effective for organic crystals,9, 9,20 the hybrid FETs showed no 
gate effect. The measurement was limited by the dielectric breakdown of the gate 
insulator: the leakage current was higher than the gate effect. Presently, it is 
unclear whether this results from insufficient charge injection, trapping or contact 
effects. 
 
5.4.2 Measurements on the Doped Interface 
It was shown by Alves et al.15 that charge transfer at the crystal interface can 
introduce an amount of mobile charge carriers that is 1 to 2 orders of magnitude 
higher than in FETs. This was done by laminating crystals of electron rich TTF on 
crystals of electron poor TCNQ. Therefore, we evaporated a thin film of the 
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electron donating insulator TTF on top of the CuCl4-hybrid crystal. This resulted in a 
considerable increase of the conductance, as shown in figure 5.5. The I-V curve 
shows a symmetric and linear relation between the current and the voltage which 
indicates Ohmic behavior and contacts. The charge transfer resulted in an increase 
of the conductance by 5 orders of magnitude.  
The nature of the charge transport was investigated using temperature dependent 
4-point resistance measurements, eliminating contact effects. (The contact 
resistance might become relevant in the doped samples as the intrinsic resistance 
is much lower.) The resistance follows Arrhenius behavior, shown in figure 5.6, 
from which an activation energy of approximately 0.17 eV was calculated. This 
value is significantly less than the value of 0.94 eV that was observed for the 
undoped Cu-hybrid (see figure 5.3). The reduction of the activation energy is a 
result of the formation of a doping band inside the intrinsic bandgap.  
Besides the gradual change in resistance as a function of the temperature there is a 
discontinuous transition near 240K. The jump in the resistance is accompanied by a 
small change in activation energy from 0.16 eV below 240 K to 0.17 eV above 240 K.  
Figure 5.5: Current-voltage measurement on the Cu-hybrid crystal without (spheres) and 
with (squares) TTF electron doping. The conductance of the hybrid-TTF interface is 5 orders 
of magnitude larger than of the undoped hybrid. The inset shows an image of the hybrid 
crystal with evaporated gold contacts and TTF on top. The TTF nucleates at the rough gold 
contacts and covers only a part of the hybrid crystal.   
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Although the band gap becomes slightly larger, the conductivity increases. This 
indicates an increase of the mobility going from the low to the high temperature 
phase. This transition relates to a first order phase transition in the hybrid and is 
evidence that the charge transport is likely to be associated with the hybrid-TTF 
interface and not restricted to the TTF-layer. 
The phase transition is intrinsic to the hybrid and is also observed in the 
capacitance and magnetization of the undoped crystals, see figure 5.7. The 
magnetic data show a change in Curie constant and Weiss temperature at this 
phase transition. Below Tc the effective moment is higher (peff=1.4 µB) and the 
magnetic interactions are weaker ( = 84 K) than above TC (peff=1.3 µB and =108 K). 
The transition is also prominent in the capacitance both parallel and perpendicular 
to the c-axis. These transitions show hysteresis comparable to the resistance 
measurements. The transition thus affects both the conductivity and the 
magnetism. Temperature dependent powder X-ray diffraction could not detect any 
structural changes. Therefore the exact origin of this phase transition is still 
unresolved.  
As discussed in paragraph 5.3, the resistivity of the undoped 
CuCl4(C6H5CH2CH2NH3)2 is of the order of 1 GΩ*m.  
Fig. 5.6: Temperature dependence of the 4-point sheet resistance of the TTF-hybrid 
interface. The resistance follows Arrhenius-behavior with activation energy of 
approximately 0.17eV. The step-like anomaly in the resistance is caused by a phase 
transition of the hybrid.   
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Figure 5.7: The magnetic (left) and capacitance (right) measurements on the undoped Cu-
hybrid. The capacitance measurement was performed along the c-axis with a sample 
thickness of approximately 0.3 mm. Both measurements display a 1
st
 order phase transition 
around 240 K.  
 
This resistivity is many orders of magnitudes higher than the structurally similar 
SnI4(C6H5CH2CH2NH3)2, which was previously studied by Kagan et al.
6. The origin of 
the high resistivity in the undoped Cu-based hybrid is twofold. Firstly, the Cu2+ and 
Cl- ions are relatively small and the bonds in the inorganic layer are more ionic than 
in the SnI4-hybrid. In such ionic bond the carriers are localized and the conductivity 
is low. Secondly, the Cu2+ ion is Jahn-Teller active, which results in an 
antiferrodistortive orbital ordering of the half filled dx
2
-y
2 like d-orbitals.21 This 
orthogonal arrangement blocks transport of charge carriers and reduces the 
conductivity even more.  
The electron-rich TTF donates electrons into the inorganic sheets at the interface of 
the hybrid crystal. These electrons will likely result in the coexistence of Cu2+ and 
Cu+ in the perovskite layer. This mixed valence increases the conductivity. 
Moreover, the Cu+ ion has d10 configuration and is not Jahn-Teller active. Therefore, 
the doping removes the charge carrier blockade of  the antiferrodistortive 
arrangement of the d(z2-x2) and  d(z2-y2) type orbitals, as is extensively studied for 
perovskite-based layered Cu- and Mn- oxides.22 So, the doping results in a higher 
conductivity, because it introduces extra carriers and they delocalize more.  
The carrier density at a charge transfer interface can be estimated by comparing 
the measured interface sheet resistance with the sheet resistance of the material in 
the FET geometry, in which the amount of carriers can be determined.15 
Unfortunately, the FETs of the copper hybrid did not show any gate effect. In order 
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to get a rough estimate of the carrier density and the mobility, we will use the 
carrier density at the TTF-TCNQ interface as an upper limit. Alves et al.15 estimated 
the carrier density at the TTF-TCNQ interface to be approximately 5*1014 
carriers/cm-2. The hybrid is a less good electron acceptor than TCNQ, but this value 
of 5*1014 carriers/cm-2 can be used as an upper limit for the TTF-hybrid system. The 
doping level of  5*1014 carriers/cm2  corresponds to one extra electron per Cu-atom 
at the TTF-hybrid interface (assuming that the carriers remain at the surface-CuCl4 
layer, following the arguments of Alves et al.). From the number of charge carriers 
and the resistance of the doped TTF-hybrid interface (1*107 Ω/□) we calculate a 
lower limit of the mobility of 1*10-3 cm2/Vs. Mobility values lower than 1 cm2/Vs 
are typically associated with localized states, in agreement with the activated 
temperature dependence of the resistivity. 
Although the TTF doping leads to an increase of the conductivity in the hybrid with 
5 orders of magnitude, an insulator-to-metal transition has not yet been induced. 
The sheet resistance at the TTF-hybrid interface is 3 orders of magnitude higher 
than the quantum resistance of 25 kΩ/□23, at which a metal-to-insulator transition 
is typically expected. On the other hand, the low activation energy of 0.17eV 
indicates that the metallic state might be reached with slightly higher doping by 
using a stronger electron donor or better interfaces. Finally, it should be noted that 
the magnetic moment at the TTF-hybrid interface is partially canceled due to the 
electron doping.24 It is presently unclear how this effect influences the overall 
ferromagnetic state.  
In analogy with the interface doping of the Cu-hybrid, we tried to dope the Mn-
hybrid. Electron doping is not expected to work, as it would turn Mn2+ into Mn1+, 
which is not a stable electron configuration. Indeed we did not find any increase in 
the conductivity at the TTF–Mn-hybrid interface. As the Mn3+ electron 
configuration is stable it was expected that hole doping with TCNQ would be more 
successful. However, also at this interface we did not yet observe a clear indication 
of an increased conductivity.  
In summary, the pure hybrid CuCl4(C6H5CH2CH2NH3)2 is a ferromagnetic insulator. 
Its interface can be doped by evaporating a layer of the electron donor TTF. The 
doped interface exhibits an enhanced conductance by five orders of magnitude and 
a reduced activation energy of 0.17 eV. The structural phase transition near 240K 
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of the pure hybrid can be observed in the resistance, which indicates that the 
charge transport takes place at the TTF-hybrid interface.  
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Chapter 6  
Multiferroicity in the Cu-based Hybrid 
 
6.1 Introduction 
A recent paper of Jain et al.1,2 sketches the importance of the inorganic-organic 
hybrids as new route to multiferroics. Multiferroics are materials that combine 
ferromagnetic, ferroelectric, and/or ferroelastic order. In practice, however, this 
name is often used for materials that combine (anti)ferromagnetism and 
(anti)ferroelectricity. For data storage applications, the combination of 
ferroelectricity with ferromagnetism is most interesting. It could allow the 
magnetically stored data to be written/read with electrical means (or vise versa), 
which can have a positive effect on the dissipation and speed.  
The combination of ferromagnetic and ferroelectric order in a single material is not 
common, as ferroelectricity, in most cases, requires atoms with an empty d-orbital. 
This is in contradiction with the partially filled d-orbitals that are required to 
introduce magnetism. In the last decade, there has been an enormous interest in 
the field of multiferroics, as it was shown that ferroelectricity can be introduced by 
alternative routes, such as magnetic spirals3 and charge ordered magnets.4 Good 
reviews are given by, for example, Eerenstein5 and Cheong 6. 
From the view of applications not only the coexistence of ferroelectricity and 
ferromagnetism is of importance, but also the coupling between these order 
parameters should be taken into account.7,8 This coupling could allow for the direct 
control of the magnetization by an electric field and vice versa. This would facilitate 
more efficient data storage architectures and could also be used in spin polarizing 
devices for spintronics. 
The field of multiferroic organic-inorganic hybrids is still unexplored. The recent 
work by Jain et al.1 proved that antiferroelectricity and magnetic order can be 




perovskite-like structures9 are good candidates for showing multiferroicity. Their 
strongly connected inorganic moieties allow significant magnetic interactions, as is 
shown in chapter 4. Moreover, the rearrangement of the hydrogen-bonds 
resemble the hydrogen-bond ferroelectrics,10 such as ARS (Ammonium Rochelle 
Salt)11 and TGS (triglycine sulphate) .12 
The Cu hybrid is ferromagnetic below 13K, as was discussed in chapter 4. In this 
section the emergence of ferroelectricity in this compound is studied. There are 
various phase transitions in the CuCl4(C6H5CH2CH2NH3)2 hybrid, of which the origin 
is still not known. This study focuses on uncovering the relations between 
structural details and polar moment formation (below 340 K) in order to evaluate 
the relevance of the organic-inorganic hybrids for the field of multiferroics.  
 
6.2 Specific Heat: a First Indication of Phase Transitions 
The specific heat is the measure of the energy required to increase the 
temperature of a substance by a unit of temperature. It is the second derivative of 
the free energy with respect to the temperature and is therefore sensitive to the 
energy variations that occur around a phase transition. Two type of phase 
transitions can occur; 1st and 2nd order. 1st order phase transitions are characterized 
by a discontinuous primary order parameter, hysteresis and latent heat.13 Figure 
6.1: The heat flow and mass change in the Cu-hybrid with increasing temperature in an Ar 
atmosphere.  The phase transitions are denoted by black arrows. The phase transition near 
460 K is the decomposition temperature. 
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Such a transition results in a delta function in temperature dependence of the 
specific heat. 2nd order phase transitions, on the other hand, are characterized by a 
continuous change in order parameter. This leads to a divergence in the specific 
heat at the phase transition. A 2nd order phase transitions does not show 
hysteresis.  
To analyze the phase transitions in the Cu-hybrid the heat flow is measured by 
differential scanning calorimetry (DSC), in two temperature regimes shown in 
figure 6.1 and 6.2. The heat flow is a measure for the amount of heat that is 
necessary to heat up a sample as a function of temperature. It is sensitive to both 
changes in the heat capacity as well as latent heat. Above room temperature the 
heat flow is measured using the TA-Instrument STD 2960 (simultaneous DSC-TGA)  
and in the 210 to 360 K domain the TA-Instrument DSC 2920  set up is used. The 
heating rate is 5 K per minute. 
Figure 6.1 shows the heat flow above room temperature. The Cu-based hybrid 
material decomposes at 460 K. At this temperature, the peak in the heat flow 
denotes a phase transition, which coincides with an irreversible mass reduction. It 
is assumed that this transition is related to the decomposition and not to 
sublimation of the material, as the residue material has a different color than the 
starting material. 
Figure 6.2: Heat flow upon heating and cooling a CuCl4(C6H5CH2CH2NH3)2 powder sample 
around the phase transition at 340 K.  For clarity, the lower curve is shifted upwards from 
its original position of -1.2 W/g at 315 K. The delta functions in the heat flow show a 
hysteresis. The anomaly around 350 K is an instrumental artifact as a result of the reversal 




Between room temperature and decomposition, three phase transitions appear at 
340, 370 and 410 K. The phase transitions are marked by arrows in figure 6.1. The 
transitions around 340, 370 and 410 K show a peak in the heat flow caused by 
latent heat or the delta function in the specific heat that is characteristic for 1st 
order phase transitions. The transition at 370 K is accompanied with a slight mass 
loss and is ascribed to the evaporation of water.  
In the following sections the focus lies on the transition around 340 K. A detailed 
view of both the heating and the cooling curve of this phase transition are shown in 
figure 6.2. The anomaly in the cooling curve around 350 K is an artifact of the 
measurement, caused by the reversal of the temperature gradient. The hysteresis 
is characteristic for first order transitions and is clearly shown in these data. At a 
lower heating rate of 1K per minute the same hysteresis was observed, and thus 
the hysteresis can not have its origin in a temperature delay. Although the 
transition is first order-like, it is accompanied by fluctuations, as can be seen by the 
difference in slope below and above the transition and the difference in surface 
below the peak in the heating and cooling curve. Therefore, it is more appropriate 
to describe this transition as a weakly first order transition, such as observed in 
ammonium halides 14 and liquid crystals.15 
 
6.3 The Polar Phase Transition  
6.3.1 Pyroelectric Current 
A polar material comprises of local electrical dipole moments that are aligned and 
generate a macroscopic dipole moment, the polarization. The phase transition at 
340 K is accompanied by the observation of such a polarization, as is indicated by 
the pyroelectric current that is generated below Tc. This pyroelectric current is a 
result of the charge displacement associated with the disappearance of the polar 
moment when heating the sample from the (T<340 K) polar phase to the (T>340K) 
non-polar phase. The pyroelectric current data of the Cu-hybrid are shown in figure 
6.3. Prior to the measurement, the sample was cooled down in a PPMS in a poling 
electric field of + or - 400 V to align the different domains. Subsequently, the 
electric field is removed and the current is measured while the sample is heated 
through the phase transition. At the phase transition the polarization disappears 
and a current is generated to compensate the charge displacement.  
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Figure 6.3: Left) the pyroelectric current and the polarization perpendicular (upper) and 
parallel (lower) to the c-axis. Right) the polarization that is obtained by integration of the 
pyroelectric current versus time.  
 
The sign and size of this pyroelectric current depends on the direction and size of 
the polarization. When the sign of the poling electric field is changed it should 
result in a current in the other direction. 
Parallel to the c-axis a single peak in the pyroelectric current is observed. 
Perpendicular to the c-axis, however, two peaks in the current are observed, which 
indicates that there are actually two different environments for the dipoles 
contributing to the polarization. Unfortunately, the cryostat does not allow to 
measure above 340 K and the measurement had to be stopped at that 
temperature, while the pyroelectric current had not completely disappeared.  
The polarization can be obtained by integrating the pyroelectric current with 
respect to the time and by plotting the integrated current versus temperature. The 
polarization at the highest temperature was set to zero. The result of this 




approximately 200 C/m2 along the c-axis and 90 C/m2 perpendicular to the c-
axis. This value is one order of magnitude smaller than the well-known hydrogen-
bond ferroelectric, Rochelle salt.16 The slight asymmetry between the positive and 
negative poling is due to the different cut-off temperatures of the measurements.  
 
6.3.2 Capacitance 
The presence of a polar phase transition at Tc is supported by the observation of 
anomalies in the temperature dependence of the capacitance (figure 6.4). In the 




C r 0        (6.1) 
Herein, A is the surface of the contact, d is the distance between the contacts and 
0 permittivity of vacuum. The capacitance measurements are performed on single 
crystals with painted silver contacts both along and perpendicular to the c-axis. The 
sample was cooled in the Quantum Design PPMS, while the capacitance was 
probed at 1 kHz by with an Andeen Hagerling 2500A capacitance bridge. The 
anomaly in the temperature dependence of the capacitance is due to an anomaly 
in the temperature dependence of the dielectric constant.  
 
Figure 6.4: The capacitance perpendicular (left) and parallel (right) to the c-axis around 340 
K. The capacitance shows a sharp step at the phase transition. The capacitance along the c-
axis decreases when entering the high temperature phase, while it increases in the other 
crystallographic direction. 
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Powder x-ray diffraction excludes the possibility that the variation with 
temperature can be accounted for by a change in lattice parameters. 
At the phase transition, a sharp jump in the capacitance is observed, as is shown in 
figure 6.4. This shape as well as the hysteresis confirms that the transition is first 
order-like. The difference in the heating and cooling curve above and below the 
actual phase transition can be attributed to the fluctuations that are characteristic 
for the weakly first order phase transition. The anomaly at the phase transition 
relates to a difference in dielectric constant is about 5% in plane and less than 1% 
out of plane. In contrast with many other materials, the dielectric constant (and 
thus the electric susceptibility) discontinuously increases in plane and decreases 
out of plane at the phase transition, when the temperature is increased. The 
increase in the out of plane dielectric constant is probably the result of the 
disappearance of the hydrogen-bond network. This enhances the mobility of the 
electric moiety due to which the polarizability increases. In the in-plane direction 
this effect is expected to be compensated by the change in the inorganic backbone.  
 
6.3.3 Birefringence 
Another method to visualize the (re-)appearance of the polar phase below Tc is by 
monitoring the polar domains with the help of a polarization microscope. 
Anisotropic crystals have an anisotropic dielectric susceptibility,, which is coupled 
to the refractive index (n) via: n . This anisotropic refractive index results in 
the decomposition of the incoming beam into a one direct beam parallel and one 
refracted beam with the polarization perpendicular to the anisotropy axis. This 
process is called birefringence.18  
Figure 6.5: Schematic representation of the microscope configuration that was used to 
obtain the pictures in figure 6.6. The light from the source first enters  polarizer 1 (P1), then 
the crystal and then polarizer (P2). The direction of the polarizers can be changed 




When a birefringent crystal with two orthogonal axes, the a- and b-axis, is placed 
between two polarizers, domains with varying orientations can be distinguished. 
This set up is schematically drawn in figure 6.5.  The light from the source first 
enters polarizer 1 (P1), then the crystal and then polarizer (P2). The light enters 
orthogonal to the a-b plane. In cases that P1 and P2 are parallel and the 
birefringence a- or b- axis coincides with this polarization, the direct beam will be 
observed and the crystal appears light. However, when the axes make an angle 
with the polarization of the light, the direct beam will be split up in the components 
along the a- and b-axes and interference can occur, resulting in a different 
appearance. In the case of crossed polarizers (P1 is orthogonal to P2), the direct 
beam will be blocked and only the interference of the a- and b- axis can be 
observed. 
In large Cu-hybrid crystals, areas with a different orientation of the easy axis 
(domains) can be observed, see figure 6.6. The upper pictures are taken when the 
P1 and P2 are making an angle of 45° and in the lower pictures the polarizers are 
crossed.   
Figure 6.6: Birefringence in the Cu-based hybrid below and above the polar phase 
transition. The sample is placed between two polarizers that make an angle of 45° (upper) 
and 90° (lower). Right) The sample in the polar phase before heating up to the apolar 
phase. Middle) The sample in the high temperature phase. Left) The sample in the polar 
phase after heating up to the apolar phase: The domain pattern has changed.  
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At low temperatures the various domains are clearly visible. In the high 
temperature phase those domains disappear. When, afterwards, the sample is 
cooled below Tc again, a different domain pattern appears.  
We note that birefringence is not restricted to polar materials and is allowed for 
any orthorhombic crystal structure. Further temperature and electric field 
dependent experiments are needed to see if the domains are indeed of polar origin 
and to exclude crystallographic or thickness variations causing these observations.  
 
6.4 Changes in Crystal Structure at the Polar Phase Transition 
6.4.1 X-ray Diffraction 
Single crystal and powder X-ray diffraction reveal that the polar transition at 340 K 
is related to a change in crystal structure. The crystal structures below and above 
the Tc are summarized in table 6.1. (Details can be found in appendix 1). In the high 
temperature phase the hybrid can be refined in the Cmca space group. The Cu and 
Cl ions and various carbon atoms have special positions in this structure, see 
Appendix 1. In the polar phase the hybrid can be crystallographically described by 
the non-polar Pbca space group. It is expected that the organic and inorganic 
components do not have the same symmetry, however the Pbca group is a 
reasonable approximation.   
Table 6.1: Summary of the single crystal structure refinement below and above Tc = 340 K. 
(Distances are expressed in Å and angles in degrees) 
 T<Tc  (100 K) T<Tc  (298 K) T>Tc (370 K) 
Space group Pbca - Cmca 
a 7.2099(9) 7.3079(16) 39.021(8) 
b 7.2664(9) 7.3414(16) 7.3430(15) 
c 38.238(5) 38.650(9) 7.3939(15) 
V 2003.3(4) 2073.6(8) 2118.6(7) 
wR(F
2
) 0.1120 - 0.1597 
M-M distance 5.188 - 5.210 
M-Cl distance c 2.853, 2.288  - 2.919, 2.291 
M-Cl distance // c 2.304 - 2.289 
M-Cl-M angle 169.14 - 179.48 
Cl-M-Cl angles 88.17, 89.73, 89.64 - 90.0,90.0, 89.67 




Figure 6.7: Upper) Side view of the crystal structure of the Cu-hybrid below (left) and above 
340 K (right). In the high temperature phase the buckling disappears. As a result the 
hydrogen-bond network (dashed lines) changes. Lower) Top view of the crystal structure of 
the Cu-hybrid below (left) and above 340 K (right). In the low temperature phase the 
position of the ammonium ion is fixed. In the high temperature phase each ammonium 
group can occupy different positions. 
 
In the Pbca spacegroup, only the Cu-ion has a special position. Note that the axes 
are chosen differently in those spacegroups; the c-axis below Tc becomes the a-axis 
above Tc. Below Tc the mirrorplane (0 y z)  that lies along  the inorganic layer in the 
Cmca structure turns into a glide plane. All axes are about 1 to 2 % longer in the 
high temperature phase and the volume is increased by 6% between 100 and 370K. 
Powder X-ray diffraction at small temperature intervals, shows that this increase in 
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lattice parameters is the result of a continuous thermal expansion, and not related 
to the 1st order phase transition itself.  
Most inter-atomic distances show an increase that is in line with the increase of the 
lattice parameter. The only distance that significantly decreases is the Cu-Cl 
distance parallel to the c-axis. This reduction in length is about 0.6%. In the 
structure refinement, the hydrogen atoms were generated by geometrical 
considerations, constrained to idealized geometries. The amine-group was refined 
as rigid group, which was allowed to rotate freely. Their isotropic displacement 
parameters (see appendix 1) show good agreement with each other, which is 
another signature for the quality of the refinement.  
The most striking difference between the high and the low temperature phase is 
the removal of the mirror plane along the inorganic sheet, due to the buckling of 
the octahedra. In the paraelectric phase, the buckling of the octahedra in the 
inorganic sheet completely disappears, as is shown in figure 6.7. The ammonium 
groups each can occupy a variety of energetically identical positions, in the non-
polar high temperature phase. An average of those positions is obtained and the 
ordered network of hydrogen-bonds is absent. The nitrogen atom is positioned in 
the exact middle of the square of surrounding metal ions.  
Below Tc, the buckling of the octahedra results in cooperative hydrogen-bond 
ordering. Each ammonium group occupies a fixed position and the hydrogen-bonds 
form an ordered network. This hydrogen-bond order is associated with a shift of 
the nitrogen atom away from the middle of the square of metal ions that surround 
it. The off-center nitrogen shift (with respect to the metal positions) is in the 
direction of the hydrogen-bond with the out of plane chlorine, thus in the opposite 
direction from the strongest hydrogen-bond. This shift away from the strongest 
bonding chlorines is favorable as it optimizes the hydrogen-bond (N-H-Cl) angles 
and the bond distances of both hydrogen-bonds. The shift of the positively charged 
nitrogen atoms with respect to the negatively charged inorganic backbone 
generates a local dipole. However, according to the refined crystal structure, the 
displacement on both sides of the inorganic sheet are opposite and thus these local 
moments cancel, as is shown in figure 6.8. In the next sections we will discuss these 




Figure 6.8: A top view of the hybrid structure. The offset of the nitrogen atoms at the front 
side (black) and the backside (grey) of the inorganic slab are opposite. The locally generated 
dipoles will thus cancel, in this crystal symmetry. 
 
6.4.2 Raman 
The structural changes involve a change in the environment of the ammonium 
groups. This is supported by Raman spectroscopy measurements as shown in figure 
6.9. The Raman experiments were performed by A. Caretta and R. Miranti in the 
Optical Condensed Matter Group of P. H. M. van Loosdrecht. The spectrum shows 
several peaks that are influenced by the phase transition. The clearest change is 
observed in the peak shifting from 11 to 25 cm-1. This low energy line relates to an 
in plane vibration and is likely to be related to rotations/vibrations of the 
ammonium group. The Raman peak disappears around 340 K. The 1st order 
behavior of this change can be clearly seen from the amplitude. The disappearance 
of this peak in the high temperature phase confirms that the environment of the 
ammonium group changes at the phase transition. The disappearance of the 
vibration is likely to be a result of the increase in rotational freedom of the 
ammonium group. The average position that was observed with X-ray diffraction is 
thus due to dynamic ammonium groups and not a result of an average of domains 
within which the ammonium groups are fixed. 
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Figure 6.9: The in plane Raman line around 15 cm-1 is plotted for various temperatures 
(upper). The amplitude of this peak shows a discontinuous disappearance around 340 K 
(lower left). The lower right picture shows the position of the peak intensity as a function of 
temperature.  
 
6.5 Origin of the Polarization 
The observed polarization can be explained by the model sketched in figure 6.10. 
The onset of the polar phase coincides with the buckling of the octahedra, which is 
the primary order parameter of this phase transition. Due to this buckling, the 
ammonium groups prefer to form static hydrogen-bonds with the in-plane chlorine 
atom (denoted by the circle in figure 6.10) and the out-of-plane chlorine atom that 
both buckle towards the nitrogen atom. The third hydrogen atom of the 
ammoniumgroup forms a hydrogen-bond too, but for this explanation we only 
consider the two strongest hydrogen-bonds (1) and (2).  
Hydrogen-bond (1) (see figure 6.10) is formed with an in-plane chlorine. It has the 
shortest bondlength (2.321 Å) and the favorable N-H-Cl angle (172.28°). We 
therefore assume that this bond is the strongest, too strong to be affected by the 





Figure 6.10: The ammonium group can occupy two different positions: a) and b) in the polar 
phase. In all cases the ammonium group forms its strongest hydrogen-bond (1) with the 
chlorine atom that is denoted with the circle.  The second strongest hydrogen-bond (2) is 
formed between the ammonium group and an out-of-plane chlorine atom: for this bond 
the ammonium group has two options, a) and b). Both situations lead to an off-center shift 
of the nitrogen atom (denoted by the arrow). The shifts generate a local electric dipole with 
both an in plane and an out of plane component. Due to the buckling of the octahedra, the 
magnitude as well as the direction of the dipole is different for a) and b). The energy 
landscape of the ammonium group can thus be summarized as an asymmetric double 
potential well as is shown in the lower figure.  
 
This bond is weaker than hydrogen-bond (1) as the distance is larger 2.368 Å and 
the angle is less ideal 168.69°. There are two chlorine atoms available for this 
hydrogen-bond. These chlorine atoms are inequivalent due to the buckling of the 
sheet and the resulting hydrogen-bonds do not have the same energy.  
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The ammonium group thus sees an asymmetric double potential well, as depicted 
in figure 6.10. The two orientations of hydrogen-bond (2), a) and b), give rise to a 
different shift of the nitrogen atom. The approximate directions of these shifts are 
indicated with the arrows. It should be noted that this shift also has an out of plane 
component, which is different for a) and b). As the nitrogen atom is charged, the 
shift introduces a local dipole. If the material is not poled or stressed it is expected 
that all ammonium groups will be in situation a) as this is lower in energy. This 
results in an exact cancellation of all the local moments and no macroscopic 
polarization is observed.  
Figure 6.11:  Schematic representation of the inorganic sheet in the Cu-Hybrid. (The c-axis 
points out of the paper). The black squares denote the square lattice of the metal ions: a 
metal ion is located on every corner. The chlorine atoms are not depicted. The diagonal 
arrows give the off-center nitrogen shift in situation a) and b) for the nitrogen atoms in 
front (black arrows) and at the back (grey arrows) of the inorganic sheet. The favored 
displacement of the nitrogen atoms is denoted by the thicker arrows. Left) The nitrogen 
displacements below Tc without poling: All the ammonium groups are in situation a). The 
directions of the nitrogen displacements at the front and back side of sheet are exactly 
opposite and their dipoles cancel. Right) The nitrogen displacements below Tc for a after 
poling through Tc in an applied electric field, E: Some of the ammoniumgroups have shifted 
from a) to b) (see black curved arrow). The nitrogen displacements on each side of the 
inorganic sheet do no longer cancel completely and result in a macroscopic polarization, P, 




However, when a poling field is applied the ammonium groups can shift to situation 
b), and a net polarization can be generated. If the poling electric field is applied, for 
example, along the a-b direction, some of the ammonium groups will favor 
situation b) as its dipole has a component in the same direction as this poling field, 
E. This situation is schematically depicted in the right panel of figure 6.11. The 
ammonium groups on the other side of the slab will remain in a) as their dipoles do 
not have a component along E. The displacement of the nitrogen atoms introduces 
an internal electric field that tends to align the surrounding dipoles in the same 
direction. As a result of this cooperative distortion, the dipole moments do not 
exactly cancel, but give rise to a macroscopic polarization, P, along the direction of 
the poling field in the plane (see figure 6.11). Also in other directions of the electric 
poling field, this model will result in a   macroscopic polarization. 
This model is general and not only applicable to the Cu-hybrid. The key parameter 
of macroscopic polarization is the introduction of hydrogen-bond order by buckling 
of the perovskite-like sheet. The Jahn-Teller distortion does not seem to play a role 
in this mechanism. Other 2-dimensional hybrids, such as the Mn- and Fe- hybrids, 
show a similar buckling as this Cu-hybrid. Therefore, they are expected to give rise 
to a similar macroscopic polarization.  
 
6.6 Discussion and Conclusions 
The pyroelectric current measurement proves that the Cu-hybrid is polar below 
340 K. It could be either a pyroelectric (in which the polarization direction can not 
be switched in the polar phase) or a ferroelectric material (in which the polarization 
direction can be switched in the polar phase). The best proof for ferroelectricity is 
to measure a ferroelectric hysteresis loop of the polarization versus electric field. In 
this measurement the pyrocurrent is probed when an increasing electric field is 
applied. At a certain moment this field is large enough to turn the polarization, 
which results in a sudden peak in the pyrocurrent. Integration of such pyrocurrent 
curves for both negative and positive electric fields results in the ferroelectric 
hysteresis loop.  
Thus far, attempts to measure ferroelectric loops on the hybrid material have not 
been successful. However, the polarization in the copper hybrid is 3 orders of 
magnitude lower than in well known ferroelectrics such as BaTiO3,
19 and therefore 
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the loop will be very difficult to obtain, even if the Cu-hybrid is ferroelectric. At high 
voltages, leakage currents dominate the measurement and the small current due 
to the polarization reversal can remain unresolved. For many established 
multiferroics, the polarization is of the same order of magnitude as for this hybrid 
and ferroelectric hysteresis loops are often not yet reported. Their ferroelectric 
nature is assumed on the basis of indirect evidence: pyroelectric current 
measurements, second harmonic generation and x-ray data.  
Although, the combination of pyroelectric current and the local structural details 
support the possibility of hydrogen-bond based ferroelectric order in the Cu-hybrid, 
the refinement of the x-ray diffraction data of the low temperature phase of the 
Cu-hybrid lead to a centrosymmetric space group (Pbca)! This symmetry can not 
allow any polar order and is inconsistent with the observation of a pyroelectric 
current. This discrepancy is due to a difference in x-ray scatterings factor between 
the inorganic and organic components. In x-ray diffraction, the scattering factor is 
proportional with the electron density, which is larger for heavy (inorganic) atoms. 
Those inorganic atoms have many more electrons and thus they have more weight 
in the refinement than the lighter organic molecules. Moreover, the light atoms 
possess a larger thermal motion, which makes it even more difficult to obtain the 
small non-centrosymmetric offsets that induce the polar order. This causes the 
refinement of the x-ray data to be directed towards the symmetry of the inorganic 
component. Even in pure inorganic materials the distinction between a non-polar 
and a polar phase is difficult. The presence of inversion symmetry is proven by the 
observation of identical integrated intensity of the reflections at (-h -k –l) and (h k 
l). However, due to absorption of the (never fully symmetric) crystal the intensity of 
these reflections is always different. Therefore, it relies on the quality of the 
absorption correction whether the x-ray diffraction pattern can be used to confirm 
the presence of inversion symmetry or not.  
In the hybrid, the X-ray data around the polar phase transition show that the origin 
of the phase transition is related to a rearrangement of the inorganic backbone and 
the hydrogen-bond network that is connected to it. The polarization is caused by 
the C-N dipoles, the slightly polar hydrogen-bonds, the shift of the N-atom with 
respect to the inorganic backbone or a combination of these. Many materials are 




ordering. A review of the existing organic and hybrid materials that show 
ferroelectricity based on hydrogen-bonds is given by Horiuchi and Tokura.10 The 
rearrangement of the hydrogen-bonds at the phase transition is similar to other 
ammonium based (anti-)ferroelectrics such as ammonium sulfate20, the ammonium 
metal organic frameworks (MOF)6 and potassium dihydrogen phosphate.21 Thus 
far, the presence of ferroelectricity in the Cu-hybrid seems reasonable, from 
analogy with those ferroelectrics. 
The phase transition at 340 K is weakly first order in nature. This is evident from the 
hysteresis and latent heat in the heat flow and the step-like feature in the 
capacitance versus temperature. The weakly first order nature of the transition 
indicates that the Cu-hybrid is an improper ferroelectric. In such a case the 
polarization is not the primary order parameter of the phase transition; the 
polarization is a side effect of a transition that is initiated by the primary order 
parameter. As a result the capacitance shows a step-like feature instead of the 
divergence of the dielectric constant that is common for proper ferroelectrics. An 
example of an improper ferroelectric is Ammonium Rochelle salt (ARS).11, 22 The 
ARS shows a ferroelectric transition at 110 K with a polarization of 2200 C/m2, 
about 10 times larger than the polarization that we observed in the Cu-hybrid. The 
ferroelectric phase transition in the ARS gives rise to a step in the capacitance, just 
like in the Cu-hybrid (figure 6.4). Besides, the origin of the polarization is a 
cooperative process of the reorientation of the ammonium cations23, which 
resembles the structural rearrangements in the Cu-hybrid at Tc.  
The goal of multiferroics is to couple the ferromagnetic and ferroelectric order 
parameters. Thus far no measurements were performed to study this coupling. 
However, as the main origin of the polarization is the buckling of the inorganic 
sheet, it is expected that changes in the polarization will as well change the 
buckling pattern. Due to exchange-striction, such a structural change will influence 
the magnetic interaction, J, between the magnetic spins and thus a coupling is 
expected in the magnetically ordered phase. 
In conclusion, the Cu-hybrid shows a polar phase below 340 K. This is evident from 
the observation of a pyroelectric current below this phase transition. X-ray and 
Raman experiments show that this polarization is related to the ordering of the 
hydrogen-bonds below Tc. This hydrogen-bond ordering results in a shift of the 
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positive charged nitrogen atom with respect to the negatively charged inorganic 
backbone, generating a local dipole moment. Ferroelectricity could not yet be 
proven. However, the capacitance and the structural changes in the Cu-hybrid 
shows striking resemblance with established improper ferroelectrics such as 
Ammonium Rochelle Salt. On the basis of this evidence, we propose that this class 
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Appendix 1  
Crystal Structures  
This appendix gives the spacegroup, unitcell parameters, refinement parameters and 
atomic positions of various organic precursors and hybrids studied in this thesis. The 
“q0000”numbers refer to the internal database kept by Auke Meetsma. The measurements 
are performed on a Bruker Smart Apex CCD diffractometer with Mo-K radiation. The 
diffraction patterns are collected at 100 K, unless mentioned otherwise.  
The hydrogen atoms were generated by geometrical considerations, constrained to 
idealized geometries, and allowed to ride on the carrier atoms with an isotropic 
displacement parameter related to the equivalent displacement parameter of their carrier 
atoms, with Uiso(H) = 1.2Ueq(C) or 1.5Ueq(N). The amine-group was refined as rigid group, 
which was allowed to rotate freely. Assigned values of bond distances: secondary C-H2 = 
0.99 Å, methyl C-H3 = 0.98 Å, aromatic C-H = 0.95 Å and N-H = 0.91 Å. 
 
A 1.1 Organic precursors 
A.1.1.1 2-Phenylethylammoniumchloride [a] and 2-phenylethyl-ammoniumbromide [b] 
Chemical formula [a] C6H5CH2CH2NH3Cl  [q1248] [b] C6H5CH2CH2NH3Br  [q1457] 
Color colorless colorless 
Space group P212121 P212121 
a (Å) 4.5354(6) 4.6438(11) 
b (Å) 5.8868(8) 6.1323(15) 
c (Å) 31.991(4) 31.613(8) 
Volume(Å3) 854.13(19) 900.3(4) 
Z 4 4 
WR(F2) 0.0714 0.1084 
GOOF 1.144 1.041 
 
Atomic positions and isotropic displacement parameters of 2-
phenylethylammoniumchloride [a]  
atom x y z U 
N  1.10989(3) 0.0830(2) 0.21770(4) 0.0173(4) 
C1 0.9122(4) 0.0687(3)     0.18056(5) 0.0184(4) 
C2 1.0932(4)    .0472(3)    0.14066(5)     0.0214(5) 0.0472(3)  0.14066(5) 0.0214(5) 
C3 0.8947(4) 0.0024(3) 0.10356(5) 0.0204(5) 
C4 0.8476(4) 0.1680(3) 0.07339(6) 0.0237(5) 
C5 0.6611(4) 0.1269(3) 0.03975(6) 0.0270(5) 
C6 0.5203(4) -0.0815(4) 0.03607(6) 0.0280(5) 
C7 0.5661(4) -0.2473(3) 0.06602(6) 0.0281(6) 
C8 0.7532(4) -0.2063(3) 0.09954(6) 0.0245(5) 
Cl 0.37787(8) 0.57866(6) 0.21042(1) 0.01857(10) 
H1 0.790(5) 0.198(4) 0.1806(6) 0.025(5) 
H1’ 0.788(4) -0.067(4) 0.1851(6) 0.025(5) 
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H2 1.228(5) -0.073(4) 0.1439(7) 0.030(5) 
H2’ 1.216(5) 0.186(4) 0.1373(7) 0.041(6) 
H4 0.935(5) 0.306(4) 0.0752(6) 0.030(6) 
H5 0.625(5) 0.243(4) 0.0191(6) 0.029(5) 
H6 0.393(5) -0.110(4) 0.0129(7) 0.039(6) 
H7 0.478(5) -0.392(4) 0.0634(7) 0.039(6) 
H8 0.780(4) -0.320(4) 0.1206(7) 0.027(5) 
H9 1.232(5) -0.047(4) 0.2196(7) 0.035(6) 
H9’ 1.224(5) 0.207(4) 0.2161(7) 0.032(6) 
H9’’ 0.998(5) 0.086(4) 0.2417(7) 0.029(5) 
 
Atomic positions and isotropic displacement parameters of 2-
phenylethylammoniumbromide [b]  
atom x y z U 
N1 1.1087(11) 0.5717(8) 0.21567(13) 0.0186(11) 
C2 0.9112(12) 0.5594(9) 0.17870(16) 0.0190(14) 
C3 1.0784(12) 0.545(1) 0.13757(18) 0.0227(17) 
C4 0.8736(14) 0.5041(8) 0.10109(16) 0.0197(14) 
C5 0.8058(12) 0.6693(10) 0.07236(19) 0.0247(17) 
C6 0.6074(17) 0.6307(10) 0.03969(19) 0.0307(17) 
C7 0.4842(13) 0.4262(13) 0.0351(2) 0.0310(19) 
C8 0.5503(13) 0.261(1) 0.0638(2) 0.0280(19) 
C9 0.7442(13) 0.299(1) 0.0962(2) 0.0233(17) 
Br 0.38388(11) 0.06709(8) 0.20644(14) 0.01897(14) 
H1 1.236(13) 0.701(12) 0.212(2) 0.03000(-) 
H1’ 1.218(14) 0.459(12) 0.216(2) 0.03000(-) 
H1’’ 1.005(15) 0.579(13) 0.236(2) 0.03000(-) 
H2 0.802(12) 0.669(10) 0.1817(16) 0.014(14) 
H2’ 0.794(11) 0.426(9) 0.1826(15) 0.012(12) 
H3 1.196(14) 0.659(10) 0.1341(18) 0.022(17) 
H3’ 1.228(12) 0.425(11) 0.1410(18) 0.020(15) 
H5 0.884(15) 0.824(10) 0.0779(16) 0.019(14) 
H6 0.578(18) 0.759(12) 0.019(2) 0.05(2) 
H7 0.359(17) 0.399(10) 0.013(2) 0.037(18) 
H8 0.460(14) 0.11(1) 0.0601(19) 0.027(18) 
H9 0.788(13) 0.198(11) 0.120(2) 0.030(18) 
 
A.1.1.2  4-(ammoniummethyl)benzylammoniumchloride [c]  
Chemical formula [c] C8H14N2Cl2  [1184]  
Color colorless 
Space group P-1 
a (Å)  /   (deg) 4.3496(8)    /    101.836(3) 
b (Å)  /   (deg) 5.809(1)      /    99.727(3) 
c (Å)  /    (deg) 10.197(2)    /    93.800(3)  
Volume (Å3) 247.18(8) 







Atomic positions and isotropic displacement parameters of 4-
(ammoniummethyl)benzylammoniumchloride [c] 
atom x y z U 
N       0.5288(5)  0.1941(3) 0.8760(2) 0.0158(6) 
C1      0.2753(5)  0.1648(4) 0.7529(2) 0.0176(7) 
C2      0.3960(5)  0.0804(4) 0.6224(2) 0.0144(6) 
C3      0.5593(5)  0.2376(4) 0.5657(2) 0.0159(6) 
C4      0.3367(5)  -0.1577(4) 0.5556(2) 0.0162(6) 
Cl      0.15450(13)  0.29407(9) 0.12289(5) 0.01777(17) 
H1      0.108(6)  0.050(5) 0.761(3) 0.016(6) 
H1'     0.201(7)  0.320(5) 0.758(3) 0.025(7) 
H3      0.599(6)  0.394(5) 0.612(3) 0.016(6) 
H4      0.224(6)  -0.268(5) 0.595(3) 0.018(6) 
H5      0.669(7)  0.323(5) 0.884(3) 0.019(7) 
H5'     0.623(6)  0.057(5) 0.873(3) 0.015(6) 
H5"     0.433(8)  0.229(6) 0.951(4) 0.035(8) 
 
A.1.1.3 2-ammoniumfluorenechloride [d]  
Chemical formula [d] C13H12NCl  [1403]  
Color Colorless 
Space group P21/c1 
a (Å)   23.03(2) 
b (Å)  /   (deg) 5.605(5)    /   92.564(13) 
c (Å)   8.733(8) 







Atomic positions and isotropic displacement parameters of 2-ammoniumfluorenechloride[d] 
atom x y z U 
N 0.0843(2) 0.4852(8) 0.3425(5) 0.0266(17) 
C1 0.1824(2) 0.3483(9) 0.2786(6) 0.0247(19) 
C2 0.1473(2) 0.5109(9) 0.3520(5) 0.0233(18) 
C3 0.1713(3) 0.7033(9) 0.4386(6) 0.0269(19) 
C4 0.2302(2) 0.7365(9) 0.4487(6) 0.0257(19) 
C5 0.2660(2) 0.5767(9) 0.3753(5) 0.0246(18) 
C6 0.3302(2) 0.5680(9) 0.3660(5) 0.0237(18) 
C7 0.3734(3) 0.7172(10) 0.4325(6) 0.0313(19) 
 Appendix 1:Crystal Structures 
 
 128
C8 0.4318(3) 0.6648(10) 0.4051(6) 0.0301(19) 
C9 0.4458(3) 0.4685(10) 0.3151(6) 0.0333(19) 
C10 0.4027(3) 0.3209(10) 0.2497(6) 0.0305(19) 
C11 0.3451(2) 0.3693(9) 0.2754(6) 0.0277(19) 
C12 0.2909(2) 0.2392(10) 0.2213(6) 0.0269(19) 
C13 0.2417(2) 0.3835(9) 0.2881(5) 0.0229(18) 
Cl 0.05523(6) 0.9813(2) 0.18782(14) 0.0285(5) 
H0 0.064(2) 0.492(7) 0.442(6) 0.017(12) 
H0' 0.066(2) 0.604(9) 0.282(6) 0.024(14) 
H0" 0.075(2) 0.322(10) 0.293(6) 0.034(15) 
H1 0.168(2) 0.207(9) 0.223(5) 0.019(13) 
H3 0.142(2) 0.822(10) 0.485(6) 0.039(16) 
H4 0.252(2) 0.878(10) 0.514(6) 0.034(15) 
H7 0.366(2) 0.845(10) 0.491(6) 0.031(15) 
H8 0.463(2) 0.749(10) 0.435(6) 0.036(17) 
H9 0.488(3) 0.439(9) 0.306(6) 0.031(15) 
H10 0.415(2) 0.205(9) 0.197(6) 0.018(13) 
H12 0.292(2) 0.078(10) 0.258(6) 0.026(14) 
H12' 0.290(2) 0.237(9) 0.119(7) 0.036(15) 
 
A.1.1.4 2-thienylmethaneammoniumchloride (aq) [e]  
Chemical formula [e] (C13H12NS)2Cl2∙H2O [q1479]  
Color Colorless 
Space group C2/c 
a (Å)   26.584(8) 
b (Å)  /   (deg) 4.8869(14)    /   90.835(4) 
c (Å)   11.351(3) 





Atomic positions and isotropic displacement parameters of 2-
thienylmethaneammoniumchloride (aq) [e] 
atom x y z U 
S1 0.19135(3) 0.63047(14) 0.42815(6) 0.0229(2) 
N1 0.05957(9) 0.3776(5) 0.4053(2) 0.0165(7) 
C1 0.21100(11) 0.8518(6) 0.3224(3) 0.0219(8) 
C2 0.18346(11) 0.8305(6) 0.2211(3) 0.0213(8) 
C3 0.14507(10) 0.6251(5) 0.2262(2) 0.0145(7) 
C4 0.14511(10) 0.4977(5) 0.3376(2) 0.0273(8) 
C5 0.11092(10) 0.2738(5) 0.3768(3) 0.0161(8) 
O1           0.0(-) 0.7137(6) 0.25000(-) 0.0209(8) 
Cl1 0.05593(2) 0.13986(12) 0.09091(6) 0.0173(2) 
H1 0.2366(16) 0.947(8) 0.338(3) 0.043(11) 
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H2 0.1913(10) 0.942(6) 0.153(3) 0.008(7) 
H3 0.1241(10) 0.586(7) 0.172(2) 0.028(10) 
H5 0.1226(12) 0.199(6) 0.437(3) 0.016(8) 
H5' 0.1083(12) 0.157(6) 0.316(3) 0.017(8) 
H6 0.0444(12) 0.453(7) 0.349(3) 0.018(8) 
H6' 0.0408(13) 0.252(7) 0.430(3) 0.025(9) 
H6" 0.0607(12) 0.500(7) 0.457(3) 0.016(8) 
 
A 1.2 Organic-Inorganic Hybrids 
A.1.2.1 bis-(2-phenylethylammonium)tetrachloromanganate (II) [f] 
Chemical formula [f]  MnCl4(C6H5CH2CH2NH3)2 [q1278] 
Color Rose 
Space group Pbca 
a (Å)   7.1423(8) 
b (Å)   7.2306(8) 
c (Å)   39.121(4) 





Atomic positions and isotropic displacement parameters of bis-(2-
phenylethylammonium)tetrachloromanganate (II) [f] 
atom x y z U 
N 0.5070(4) -0.0232(4) 0.05968(6) 0.0164(7) 
C1 0.4535(4) 0.0343(4) 0.09505(7) 0.0178(8) 
C2 0.5401(5) -0.0963(5) 0.12107(7) 0.0201(9) 
C3 0.5151(4) -0.0272(4) 0.15725(7) 0.0164(8) 
C4 0.6365(5) 0.1074(5) 0.17028(8) 0.0234(9) 
C5 0.6196(5) 0.1712(5) 0.20349(8) 0.0262(10) 
C6 0.4808(5) 0.1006(5) 0.22436(8) 0.0247(10) 
C7 0.3583(5) -0.0322(5) 0.21192(8) 0.0259(9) 
C8 0.3753(4) -0.0963(5) 0.17842(8) 0.0213(9) 
Mn           .5( 0.5 (-) 0.5(-) 0.0(-) 0.01087(17) 
Cl1 0.77236(9) 0.27190(9) -0.00598(2) 0.01440(17) 
Cl2 0.46023(9) 0.49041(9) -0.06325(2) 0.01557(17) 
H1 0.498(4) 0.161(5) 0.0982(8) 0.019(9) 
H1' 0.318(5) 0.041(5) 0.0971(9) 0.03(1) 
H2 0.489(5) -0.224(6) 0.1187(9) 0.027(10) 
H2' 0.675(5) -0.097(6) 0.1157(9) 0.028(10) 
H4 0.735(6) 0.151(6) 0.1551(10) 0.044(12) 
H5 0.708(5) 0.271(5) 0.2105(9) 0.029(10) 
H6 0.472(5) 0.142(5) 0.2478(9) 0.018(8) 
H7 0.261(5) -0.078(5) 0.2266(8) 0.023(9) 
 Appendix 1:Crystal Structures 
 
 130
H8 0.290(5) -0.189(5) 0.1702(8) 0.024(9) 
H9 0.449(5) 0.045(5) 0.0459(8) 0.009(8) 
H9' 0.631(5) -0.015(5) 0.0575(8) 0.019(9) 
H9" 0.476(5) -0.142(6) 0.0558(9) 0.028(10) 
 
 
A.1.2.2 bis-(2-phenylethylammonium)tetrachloroferrate (II) [g] 
Chemical formula [g]  FeCl4(C6H5CH2CH2NH3)2 [q1218] 
Color  Light green 
Space group Pbca 
a (Å)   7.1073(8) 
b (Å)   7.2466(8) 
c (Å)   38.852(4) 





Atomic positions and isotropic displacement parameters of bis-(2-
phenylethylammonium)tetrachloroferrate (II) [g] 
atom x y z U 
Fe 0.5(-) 0.5(-) 0.0(-) 0.0117(3) 
Cl1 0.73731(17) 0.23793(15) 0.00507(3) 0.0139(3) 
Cl2 0.53520(15) 0.49306(17) -0.06154(3) 0.0156(3) 
N 0.4954(5) -0.0127(6) 0.05758(9) 0.0163(11) 
C1 0.5435(8) 0.0390(6) 0.09366(12) 0.0180(14) 
C2 0.4617(8) -0.0988(7) 0.11905(12) 0.0203(14) 
C3 0.4839(7) -0.0348(5) 0.15599(12) 0.0145(11) 
C4 0.6230(8) -0.1035(7) 0.17726(13) 0.0220(14) 
C5 0.6397(8) -0.0449(7) 0.21112(13) 0.0227(14) 
C6 0.5159(8) 0.0884(7) 0.22401(13) 0.0233(14) 
C7 0.3775(9) 0.1592(7) 0.20298(13) 0.0237(14) 
C8 0.3625(8) 0.0980(7) 0.16929(13) 0.0220(14) 
H1         0.49347(-) 0.16354(-) 0.09871(-) 0.02146(-) 
H1'       0.68201(-) 0.04302(-) 0.09629(-) 0.02146(-) 
H2        0.32645(-) -0.11678(-) 0.11398(-) 0.02439(-) 
H2'        0.52572(-) -0.21912(-) 0.11615(-) 0.02439(-) 
H4        0.70884(-) -0.19252(-) 0.16854(-) 0.02627(-) 
H5        0.73484(-) -0.09508(-) 0.22551(-) 0.02721(-) 
H6         0.52719(-) 0.12972(-) 0.24712(-) 0.02781(-) 
H7        0.29283(-) 0.24968(-) 0.21153(-) 0.02874(-) 
H8        0.26697(-) 0.14782(-) 0.15494(-) 0.02623(-) 
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H9        0.52887(-) -0.13209(-) 0.05373(-) 0.02468(-) 
H9'          0.06213(-)    0.04274(-)    0.02468(-) 0.55863(-) 0.06213(-) 0.04274(-) 0.02468(-) 
H9" 0.3694(-) 0.00050(-) 0.05425(-) 0.02468(-) 
 
A.1.2.3 bis-(2-phenylethylammonium)tetrachlorocobaltate (II) [h] 
Chemical formula [h]  CoCl4(C6H5CH2CH2NH3)2 [q1282] 
Color  green 
Space group P21/c 
a (Å)   7.277(2) 
b (Å)  /   (deg) 24.691(7)   /   90.593(4) 








Atomic positions and isotropic displacement parameters of bis-(2-
phenylethylammonium)tetrachlorocobaltate(II) [h] 
atom x y z U 
N1 0.7848(5) 0.05438(15) 0.4107(3) 0.0166(12) 
C1 0.7736(6) 0.11456(19) 0.3951(4) 0.0153(14) 
C2 0.7006(6) 0.12935(19) 0.2698(4) 0.0146(14) 
C3 0.7419(6) 0.1882(2) 0.2412(4) 0.0137(14) 
C4 0.6940(6) 0.2300(2) 0.3208(4) 0.0137(14) 
C5 0.7377(6) 0.2836(2) 0.2956(4) 0.0170(16) 
C6 0.8285(6) 0.2967(2) 0.1899(4) 0.0203(17) 
C7 0.8767(6) 0.2564(2) 0.1099(4) 0.0186(14) 
C8 0.8328(6) 0.2026(2) 0.1342(4) 0.0176(16) 
N1 0.7848(5) 0.05438(15) 0.4107(3) 0.0166(12) 
C1 0.7736(6) 0.11456(19) 0.3951(4) 0.0153(14) 
N2 0.2727(6) 0.42862(16) 0.4246(3) 0.0186(12) 
C9 0.2454(7) 0.36942(18) 0.3993(4) 0.0183(16) 
C10 0.3297(7) 0.33487(19) 0.4970(4) 0.0173(16) 
C11 0.3102(6) 0.27449(19) 0.4796(3) 0.0113(14) 
C12 0.2312(6) 0.2519(2) 0.3755(4) 0.0153(14) 
C13 0.2181(6) 0.1958(2) 0.3637(4) 0.0163(14) 
C14 0.2810(6) 0.1614(2) 0.4540(4) 0.0156(17) 
C15 0.3590(6) 0.1839(2) 0.5568(4) 0.0159(16) 
C16 0.3737(6) 0.23968(19) 0.5691(4) 0.0136(14) 
Co 0.76890(8) 0.02322(3) 0.77210(5) 0.0140(2) 
Cl1 0.84911(17) -0.06550(5) 0.78933(10) 0.0208(4) 
Cl2 1.01306(15) 0.05880(5) 0.66952(10) 0.0165(4) 
Cl3 0.51234(15) 0.03940(5) 0.6596(1) 0.0196(4) 
Cl4 0.72737(17) 0.05790(5) 0.95999(10) 0.0235(4) 
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H1 0.89721(-) 0.13057(-) 0.40696(-) 0.01850(-) 
H1' 0.69142(-) 0.12993(-) 0.45680(-) 0.01850(-) 
H2 0.75855(-) 0.10574(-) 0.20894(-) 0.01732(-) 
H2' 0.56620(-) 0.12328(-) 0.26614(-) 0.01732(-) 
H4 0.63081(-) 0.22150(-) 0.39278(-) 0.01639(-) 
H5 0.70543(-) 0.31140(-) 0.35068(-) 0.02014(-) 
H6 0.85737(-) 0.33336(-) 0.17267(-) 0.02460(-) 
H7 0.93984(-) 0.26536(-) 0.03825(-) 0.02246(-) 
H8 0.86455(-) 0.17520(-) 0.07807(-) 0.02086(-) 
H21 0.67170(-) 0.03956(-) 0.39819(-) 0.02484(-) 
H21' 0.82428(-) 0.04659(-) 0.48674(-) 0.02484(-) 
H9 0.30195(-) 0.36025(-) 0.32121(-) 0.02183(-) 
H9' 0.11219(-) 0.36157(-) 0.39293(-) 0.02183(-) 
H10 0.27277(-) 0.34478(-) 0.57446(-) 0.02037(-) 
H10' 0.46216(-) 0.34367(-) 0.50326(-) 0.02037(-) 
H12 0.18645(-) 0.27478(-) 0.31301(-) 0.01859(-) 
H13 0.16524(-) 0.18078(-) 0.29259(-) 0.01923(-) 
H14 0.27085(-) 0.12325(-) 0.44548(-) 0.01846(-) 
H15 0.40282(-) 0.16087(-) 0.61943(-) 0.01925(-) 
H16 0.42809(-) 0.25436(-) 0.63997(-) 0.01651(-) 
H22 0.21375(-) 0.43763(-) 0.49361(-) 0.02798(-) 
H22' 0.22596(-) 0.44844(-) 0.36235(-) 0.02798(-) 
H22" 0.39484(-) 0.43568(-) 0.43316(-) 0.02798(-) 
 
 
A.1.2.4 2-phenylethylammoniumtetrichloronickelate (II) [i] 
Chemical formula [i]  NiCl3(C6H5CH2CH2NH3) [q1308] 
Color  orange 
Space group P212121 
a (Å)   5.9055(6) 
b (Å)   6.8925(7) 
c (Å)   25.614(3) 







Atomic positions and isotropic displacement parameters of 2-
phenylethylammoniumtrichloronickelate (II) [i] 
atom x y z U 
N1 0.1585(5) 0.2480(6) 0.43051(9) 0.0165(8) 
C1 0.1056(6) 0.2385(7) 0.37356(12) 0.0178(10) 
C2 0.3160(6) 0.2818(7) 0.34236(14) 0.0223(13) 
C3 0.2860(6) 0.2689(7) 0.28346(13) 0.0168(10) 
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C4 0.4640(8) 0.3341(6) 0.25154(14) 0.0200(12) 
C5 0.4497(8) 0.3199(6) 0.19760(16) 0.0237(12) 
C6 0.2519(6) 0.2493(7) 0.17401(12) 0.0174(9) 
C7 0.0759(7) 0.1951(6) 0.20602(15) 0.0200(12) 
C8 0.0910(7) 0.2038(5) 0.25939(14) 0.0180(13) 
Ni 0.06888(6) 0.24981(10) 0.00025(1) 0.01037(12) 
Cl1 -0.1797(3) 0.00934(13) -0.03907(4) 0.0121(3) 
Cl2 -0.1802(2) 0.48926(13) -0.03724(4) 0.0118(3) 
Cl3 0.31700(12) 0.25640(17) -0.07332(3) 0.01217(19) 
H1 -0.01382(-) 0.33405(-) 0.36494(-) 0.02121(-) 
H1' 0.04864(-) 0.10758(-) 0.36459(-) 0.02121(-) 
H2 0.43624(-) 0.18975(-) 0.35298(-) 0.02685(-) 
H2' 0.36863(-) 0.41405(-) 0.35127(-) 0.02685(-) 
H4 0.59556(-) 0.38843(-) 0.26707(-) 0.02387(-) 
H5 0.57439(-) 0.35824(-) 0.17657(-) 0.02823(-) 
H6 0.23984(-) 0.23931(-) 0.13712(-) 0.02087(-) 
H7 -0.06071(-) 0.15002(-) 0.19063(-) 0.02376(-) 
H8 -0.03438(-) 0.16463(-) 0.28009(-) 0.02179(-) 
H9 0.27660(-) 0.16761(-) 0.43778(-) 0.02477(-) 
H9' 0.03495(-) 0.21026(-) 0.44918(-) 0.02477(-) 
H9" 0.19602(-) 0.37178(-) 0.43929(-) 0.02477(-) 
 
A.1.2.5 tetraaquadichloronickelate(II) di(2-phenylethylammonium) dichlorine (aq) [j] 
Chemical formula [j] [Cl2(H2O)4Ni][C6H5CH2CH2NH3] [Cl]2∙2H20  [q1276b] 
Color  Green 
Space group P21/c 
a (Å)   7.6977(10) 
b (Å)  /   (deg)  29.540(4)   /   90.760(2) 
c (Å)   10.760(2) 





Atomic positions and isotropic displacement parameters tetraaquadichloronickelate(II) di(2-
phenylethylammonium) dichlorine (aq) [j] 
atom x y z U 
N2 0.0462(4) 0.09928(11) 0.4588(3) 0.0157(11) 
C21 0.0035(5) 0.14893(13) 0.4578(4) 0.0155(13) 
C22 0.0762(5) 0.17127(13) 0.3426(4) 0.0170(11) 
C23 0.0250(4) 0.22066(12) 0.3332(3) 0.0136(11) 
C24 0.0766(4) 0.25207(13) 0.4227(4) 0.0156(11) 
C25 0.0319(4) 0.29745(13) 0.4108(4) 0.0178(13) 
C26 -0.0662(4) 0.31215(13) 0.3090(4) 0.0169(11) 
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C27 -0.1211(4) 0.28087(12) 0.2204(4) 0.0146(11) 
C28 -0.0752(4) 0.23564(13) 0.2323(4) 0.0146(11) 
N3 0.5441(4) 0.09959(11) -0.0599(3) 0.0151(11) 
C31 0.5006(5) 0.14882(13) -0.0634(4) 0.0151(11) 
C32 0.5800(5) 0.17274(13) 0.0483(4) 0.0188(14) 
C33 0.5255(4) 0.22154(12) 0.0587(3) 0.0145(11) 
C34 0.4265(4) 0.23561(13) 0.1588(4) 0.0147(11) 
C35 0.3803(4) 0.28097(13) 0.1720(4) 0.0151(11) 
C36 0.4300(4) 0.31274(13) 0.0858(4) 0.0183(13) 
C37 0.5281(4) 0.29878(13) -0.0165(4) 0.0161(11) 
C38 0.5752(4) 0.25394(13) -0.0297(3) 0.0136(11) 
Ni1 0.75797(5) 0.00017(2) 0.25208(4) 0.01080(14) 
Cl11 0.73397(10) 0.08087(3) 0.25397(8) 0.0146(3) 
Cl12 0.78521(10) -0.08070(3) 0.25238(8) 0.0138(3) 
O11 0.7987(3) 0.00253(9) 0.0639(3) 0.0235(10) 
O12 1.0197(3) 0.00812(8) 0.2917(2) 0.0163(9) 
O13 0.4968(3) -0.00747(8) 0.2109(3) 0.0175(9) 
O14 0.7171(3) -0.00255(9) 0.4404(2) 0.0199(9) 
O6 0.4141(3) 0.08083(9) 0.4482(2) 0.0155(8) 
O7 0.9135(3) 0.08231(9) 0.9544(3) 0.0180(9) 
Cl4 0.72995(10) 0.07567(3) 0.64532(8) 0.0148(3) 
Cl5 0.24823(10) 0.07499(3) 0.13985(8) 0.0153(3) 
H3 0.666(5) 0.0930(12) -0.061(3) 0.03000(-) 
H3' 0.478(5) 0.0838(13) -0.116(4) 0.03000(-) 
H3" 0.502(5) 0.0851(14) 0.021(4) 0.03000(-) 
H31 0.380(5) 0.1503(13) -0.060(3) 0.03000(-) 
H31' 0.545(5) 0.1616(13) -0.142(4) 0.03000(-) 
H32 0.543(4) 0.1530(13) 0.122(4) 0.03000(-) 
H32' 0.707(5) 0.1707(12) 0.040(3) 0.03000(-) 
H34 0.392(4) 0.2119(13) 0.230(4) 0.03000(-) 
H35 0.312(5) 0.2897(13) 0.241(4) 0.03000(-) 
H36 0.395(4) 0.3446(13) 0.097(3) 0.03000(-) 
H37 0.568(4) 0.3199(13) -0.081(4) 0.03000(-) 
H38 0.642(5) 0.2450(13) -0.102(4) 0.03000(-) 
H11 0.791(5) -0.0213(9) 0.013(3) 0.03000(-) 
H11' 0.830(5) 0.0265(9) 0.019(3) 0.03000(-) 
H12 1.072(4) -0.0186(7) 0.298(4) 0.03000(-) 
H12' 1.079(4) 0.0257(11) 0.240(3) 0.03000(-) 
H13 0.439(4) 0.0167(8) 0.183(3) 0.03000(-) 
H13' 0.441(4) -0.0219(12) 0.271(3) 0.03000(-) 
H14 0.674(5) -0.0267(8) 0.479(3) 0.03000(-) 
H14' 0.709(5) 0.0215(9) 0.490(3) 0.03000(-) 
H6 0.494(4) 0.0856(14) 0.509(2) 0.03000(-) 
H6' 0.470(5) 0.0824(14) 0.376(2) 0.043(14) 
H7 0.981(4) 0.0842(13) 0.888(2) 0.03000(-) 
H7' 0.990(4) 0.0912(13) 1.012(3) 0.03000(-) 
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A.1.2.6 Bis-(2-phenylethylammonium)tetrachlorocuprate (II) at 100K[k] and at 370 K [l] 
Chemical 
formula 
[k] CuCl4(C6H5CH2CH2NH3)2 100K 
[q1311] 
[l] CuCl4(C6H5CH2CH2NH3)2  370K 
[q1311z] 
Color  Green Orange 
Space group Pbca Cmca 
a (Å)   7.2099(9) 39.021(8) 
b (Å)   7.2664(9) 7.3430(15) 
c (Å)   38.238(5) 7.3939(15) 
Volume (Å3) 2003.3(4) 2118.6(7) 
Z 4 4 
WR(F2) 0.1120 0.1597 
GOOF 1.329 1.119 
 
Atomic positions and isotropic displacement parameters of bis-(2-
phenylethylammonium)tetrachlorocuprate (II) at  100 K[k] 
atom x y z U 
N 1.0138(4) 0.0064(4) 0.55580(7) 0.0165(8) 
C1 0.9605(6) -0.0433(5) 0.59223(9) 0.0176(10) 
C2 1.0436(6) 0.0920(5) 0.61820(9) 0.0212(10) 
C3 1.0184(6) 0.0273(5) 0.65541(9) 0.0179(10) 
C4 0.8791(6) 0.0978(5) 0.67676(10) 0.0219(11) 
C5 0.8605(6) 0.0357(6) 0.71109(10) 0.0265(11) 
C6 0.9804(7) -0.0957(6) 0.72429(10) 0.0265(11) 
C7 1.1182(7) -0.1673(6) 0.70311(11) 0.0283(14) 
C8 1.1375(6) -0.1052(6) 0.66918(10) 0.0241(11) 
Cu 0.0(-) 0.0(-) 0.0(-) 0.01233(17) 
Cl1 0.03423(12) 0.01365(12) 0.05984(2) 0.0160(2) 
Cl2 0.21493(11) 0.22950(11) -0.00597(2) 0.0149(2) 
H1 1.00485(-) -0.16910(-) 0.59760(-) 0.02112(-) 
H1' 0.82362(-) -0.04248(-) 0.59440(-) 0.02112(-) 
H2 1.17755(-) 0.10695(-) 0.61326(-) 0.02537(-) 
H2' 0.98343(-) 0.21355(-) 0.61530(-) 0.02537(-) 
H4 0.79652(-) 0.18842(-) 0.66792(-) 0.02642(-) 
H5 0.76482(-) 0.08388(-) 0.72551(-) 0.03153(-) 
H6 0.96822(-) -0.13651(-) 0.74778(-) 0.03151(-) 
H7 1.19945(-) -0.25918(-) 0.71191(-) 0.03396(-) 
H8 1.23375(-) -0.15377(-) 0.65495(-) 0.02910(-) 
H9 0.97516(-) 0.12294(-) 0.55104(-) 0.02472(-) 
H9' 0.95965(-) -0.07338(-) 0.54056(-) 0.02472(-) 
H9" 1.13931(-) -0.00002(-) 0.55354(-) 0.02472(-) 
 
Atomic positions and isotropic displacement parameters of bis-(2-
phenylethylammonium)tetrachlorocuprate (II) at  370 K[l] 
atom x y z U 
N1 0.05465(14) 0.5(-) 0.0(-) 0.077(2) 
 Appendix 1:Crystal Structures 
 
 136
C1 0.0895(3) 0.5(-) 0.0(-) 0.161(8) 
C2 0.1196(2) 0.455(2) -0.1085(16) 0.185(10) 
C3 0.1505(3) 0.5(-) 0.0(-) 0.201(9) 
C4 0.1699(2) 0.6185(16) -0.1079(16) 0.210(7) 
C5 0.2045(2) 0.6148(16) -0.0941(17) 0.183(6) 
C6 0.2197(4) 0.5(-) 0.0(-) 0.18(1) 
Cu1 0.0(-) 0.5(-) 0.5(-) 0.0495(3) 
Cl1 -0.05866(4) 0.5(-) 0.5(-) 0.0764(6) 
Cl2 0.0(-) 0.27901(16) 0.28124(16) 0.0671(5) 
H1 0.09425(-) 0.43231(-) 0.10982(-) 0.19446(-) 
H1' 0.09425(-) 0.62571(-) 0.03151(-) 0.19446(-) 
H2 0.11946(-) 0.52552(-) -0.21974(-) 0.21996(-) 
H2' 0.11946(-) 0.32705(-) -0.13938(-) 0.21996(-) 
H4 0.15919(-) 0.69821(-) -0.18753(-) 0.25218(-) 
H5 0.21733(-) 0.70086(-) -0.15703(-) 0.21974(-) 
H6 0.24355(-) 0.5(-) 0.0(-) 0.21708(-) 
H9 0.04704(-) 0.54756(-) 0.10319(-) 0.11516(-) 
H9' 0.04704(-) 0.38624(-) -0.01069(-) 0.11516(-) 
H9" 0.04704(-) 0.56620(-) -0.09250(-) 0.11516(-) 
 
A.1.2.7 Bis-{2- (3-fluorophenyl)ethylammonium}tetrachlorocuprate [m] 
Chemical formula [m] CuCl4(C6H4FCH2CH2NH3)2  [q1580] 
Color  Orange 
Space group P-1 
a (Å)  /   (deg) 7.2457(10)   /   86.040(2) 
b (Å)  /   (deg) 7.2480(11)   /   86.632(2) 
c (Å)  /    (deg) 38.797(6)     /   89.960(2) 





Atomic positions and isotropic displacement parameters of bis-{2- (3-fluorophenyl) 
ethylammonium} tetrachlorocuprate [m]  
atom x y z U 
Cu11 0.2503(4) 0.0006(4) 0.24985(8) 0.0152(8) 
Cu12 0.7501(4) 0.4998(4) 0.25039(8) 0.0147(8) 
Cl11 0.4752(12) 0.2293(12) 0.24350(19) 0.049(3) 
Cl12 0.5307(8) -0.2729(10) 0.2486(3) 0.057(3) 
Cl13 -0.0234(11) 0.2800(8) 0.2486(3) 0.058(3) 
Cl14 0.0280(6) -0.2212(6) 0.25688(11) 0.0024(11) 
Cl15 0.241(1) 0.0023(9) 0.19111(14) 0.029(2) 
Cl16 0.2589(7) 0.0091(7) 0.30977(13) 0.0106(14) 
Cl17 0.721(2) 0.478(2) 0.3095(2) 0.133(7) 
Cl18 0.7734(8) 0.5314(7) 0.19053(12) 0.0120(15) 
 Appendix 1:Crystal Structures 
 
 137 
F21 0.746(2) 0.485(2) 0.0487(4) 0.037(4) 
N21 0.258(3) 0.550(3) 0.1953(5) 0.032(5) 
C21 0.253(4) 0.491(4) 0.1610(6) 0.032(4) 
C22 0.260(4) 0.640(4) 0.1312(7) 0.036(3) 
C23 0.307(4) 0.554(4) 0.0958(7) 0.035(3) 
C24 0.495(4) 0.567(4) 0.0899(7) 0.036(3) 
C25 0.557(4) 0.501(4) 0.0564(7) 0.036(3) 
C26 0.423(4) 0.454(4) 0.0340(7) 0.036(3) 
C27 0.243(4) 0.437(4) 0.0413(6) 0.035(3) 
C28 0.189(4) 0.523(4) 0.0729(6) 0.034(3) 
F31 0.786(3) 0.499(2) 0.4545(4) 0.053(4) 
N31 0.711(3) 0.992(3) 0.3065(4) 0.016(4) 
C31 0.742(4) 1.038(4) 0.3385(6) 0.028(3) 
C32 0.680(4) 0.899(4) 0.3686(6) 0.029(3) 
C33 0.709(4) 0.940(4) 0.4028(6) 0.031(3) 
C34 0.758(4) 1.047(4) 0.4261(6) 0.034(3) 
C35 0.777(4) 0.675(4) 0.4448(7) 0.038(3) 
C36 0.829(4) 0.800(4) 0.4692(7) 0.038(3) 
C37 0.819(4) 1.007(4) 0.4584(7) 0.036(3) 
C38 0.730(4) 0.735(4) 0.4124(7) 0.035(3) 
F41 0.362(2) -0.007(2) 0.0471(4) 0.041(4) 
N41 0.776(3) 0.022(4) 0.1976(5) 0.033(5) 
C41 0.740(3) 0.049(4) 0.1596(6) 0.031(5) 
C42 0.879(4) -0.008(4) 0.1332(6) 0.034(5) 
C43 0.778(4) 0.072(4) 0.0967(7) 0.033(3) 
C44 0.583(4) 0.060(4) 0.0873(6) 0.032(3) 
C45 0.537(4) 0.009(4) 0.0555(6) 0.034(3) 
C46 0.701(4) -0.029(4) 0.0318(6) 0.035(3) 
C47 0.852(4) -0.019(4) 0.0396(7) 0.035(3) 
C48 0.900(4) 0.034(4) 0.0723(6) 0.035(3) 
F51 0.299(3) 0.874(2) 0.4489(4) 0.048(4) 
N51 0.244(3) 0.467(2) 0.3051(4) 0.016(4) 
C51 0.172(4) 0.528(3) 0.3400(7) 0.030(3) 
C52 0.183(4) 0.421(4) 0.3670(6) 0.032(3) 
C53 0.188(4) 0.472(4) 0.4015(7) 0.035(3) 
C54 0.224(4) 0.649(4) 0.4103(7) 0.037(3) 
C55 0.282(4) 0.680(4) 0.4413(7) 0.039(3) 
C56 0.347(4) 0.557(4) 0.4666(7) 0.041(3) 
C57 0.334(4) 0.384(4) 0.4583(7) 0.039(3) 
C58 0.265(4) 0.327(4) 0.4259(7) 0.037(3) 
H21 0.14047(-) 0.41918(-) 0.15978(-) 0.03803(-) 
H21' 0.35605(-) 0.40748(-) 0.15717(-) 0.03803(-) 
H22 0.35354(-) 0.73118(-) 0.13498(-) 0.04290(-) 
H22' 0.14168(-) 0.70251(-) 0.13054(-) 0.04290(-) 
H24 0.57384(-) 0.61212(-) 0.10544(-) 0.04300(-) 
H26 0.46444(-) 0.43277(-) 0.01153(-) 0.04306(-) 
H27 0.16252(-) 0.37691(-) 0.02797(-) 0.04260(-) 
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H28 0.06588(-) 0.55685(-) 0.07687(-) 0.04133(-) 
H29 0.22613(-) 0.66897(-) 0.19535(-) 0.04700(-) 
H29' 0.37210(-) 0.53667(-) 0.20254(-) 0.04700(-) 
H29" 0.17963(-) 0.48279(-) 0.20949(-) 0.04700(-) 
H31 0.68038(-) 1.15409(-) 0.34214(-) 0.03294(-) 
H31' 0.87353(-) 1.05860(-) 0.33955(-) 0.03294(-) 
H32 0.54886(-) 0.87826(-) 0.36716(-) 0.03522(-) 
H32' 0.74171(-) 0.78315(-) 0.36460(-) 0.03522(-) 
H34 0.74856(-) 1.17288(-) 0.41981(-) 0.04093(-) 
H36 0.86753(-) 0.75860(-) 0.49082(-) 0.04455(-) 
H37 0.85302(-) 1.09753(-) 0.47259(-) 0.04361(-) 
H38 0.71001(-) 0.64959(-) 0.39613(-) 0.04144(-) 
H39 0.68890(-) 0.87049(-) 0.30682(-) 0.02399(-) 
H39' 0.80930(-) 1.02019(-) 0.29238(-) 0.02399(-) 
H39" 0.61291(-) 1.05316(-) 0.29895(-) 0.02399(-) 
H41 0.62612(-) -0.01655(-) 0.15628(-) 0.03690(-) 
H41' 0.71595(-) 0.17941(-) 0.15454(-) 0.03690(-) 
H42 0.89454(-) -0.14119(-) 0.13424(-) 0.04092(-) 
H42' 0.99791(-) 0.05076(-) 0.13529(-) 0.04092(-) 
H44 0.48923(-) 0.08776(-) 0.10346(-) 0.03893(-) 
H46 0.68052(-) -0.06354(-) 0.00968(-) 0.04209(-) 
H47 0.94680(-) -0.04766(-) 0.02365(-) 0.04203(-) 
H48 1.02453(-) 0.04295(-) 0.07651(-) 0.04203(-) 
H49 0.70929(-) -0.07245(-) 0.20732(-) 0.04876(-) 
H49' 0.74496(-) 0.12452(-) 0.20800(-) 0.04876(-) 
H49" 0.89567(-) -0.00065(-) 0.19988(-) 0.04876(-) 
H51 0.23645(-) 0.64144(-) 0.34385(-) 0.03618(-) 
H51' 0.04285(-) 0.55941(-) 0.33806(-) 0.03618(-) 
H52 0.29335(-) 0.34733(-) 0.36299(-) 0.03830(-) 
H52' 0.07944(-) 0.33575(-) 0.36704(-) 0.03830(-) 
H54 0.20755(-) 0.74846(-) 0.39428(-) 0.04400(-) 
H56 0.39455(-) 0.59162(-) 0.48695(-) 0.04886(-) 
H57 0.37025(-) 0.29083(-) 0.47426(-) 0.04722(-) 
H58 0.26955(-) 0.20409(-) 0.42053(-) 0.04451(-) 
H59 0.36745(-) 0.46726(-) 0.30403(-) 0.02307(-) 
H59' 0.20468(-) 0.54469(-) 0.28835(-) 0.02307(-) 
H59" 0.20351(-) 0.35351(-) 0.30239(-) 0.02307(-) 
 
A.1.2.8 Bis-(2-thienylmethaneammonium}tetrachlorocuprate [n] 
Chemical formula [n] CuCl4(C4H3SCH2NH3)2  [q1480] 
Color  Orange 
Space group Pnma 
a (Å)   10.414(2) 
b (Å)  29.062(7) 













Atomic positions and isotropic displacement parameters of bis-(2-
thienylmethaneammonium}tetrachlorocuprate [n]  
atom x y z U 
Cu 0.06933(8) 0.25000 0.23484(17) 0.0114(2) 
Cl1 0.0751(2) 0.17204(5) 0.2295(3) 0.0514(7) 
Cl2a 0.0621(4) 0.25000 -0.3291(10) 0.0177(12) 
Cl2b 0.0610(4) 0.25000 -0.2062(10) 0.0200(12) 
Cl3a 0.3502(6) 0.26096(18) 0.2458(12) 0.0157(19) 
Cl3b 0.2880(6) 0.26255(17) 0.2473(12) 0.0153(18) 
S 0.32073(14) 0.06987(5) 0.4120(3) 0.0260(4) 
N1 0.3123(5) 0.18011(17) 0.7429(13) 0.0387(18) 
C1 0.1850(6) 0.0369(2) 0.4153(11) 0.0240(17) 
C2 0.1100(6) 0.0463(2) 0.6188(11) 0.0237(17) 
C3 0.1631(5) 0.08091(18) 0.7767(10) 0.0207(17) 
C4 0.2757(5) 0.09725(19) 0.6878(11) 0.0207(17) 
C5 0.3579(8) 0.1346(2) 0.8004(15) 0.045(3)  
H1 0.16456(-) 0.01465(-) 0.28976(-) 0.02883(-) 
H2 0.03055(-) 0.03144(-) 0.65192(-) 0.02809(-) 
H3 0.12377(-) 0.09142(-) 0.92848(-) 0.02491(-) 
H5 0.36065(-) 0.13061(-) 0.98668(-) 0.05447(-) 
H5' 0.44667(-) 0.13124(-) 0.73554(-) 0.05447(-) 
H6 0.30124(-) 0.18294(-) 0.57248(-) 0.05787(-) 
H6' 0.37072(-) 0.20122(-) 0.79696(-) 0.05787(-) 
H6" 0.23606(-) 0.18497(-) 0.82280(-) 0.05787(-) 
A.1.2.9 Bis-(2-phenylethylammonium}tetrabromocuprate [o] 
Chemical formula [o] CuCl4(C4H3SCH2NH3)2  [q1253] 
Color  Dark red 
Space group P212121 
a (Å)   7.610(3) 
b (Å)  7.707(3) 
c (Å)   37.588(15) 







Atomic positions and isotropic displacement parameters of Bis-(2-
phenylethylammonium}tetrabromocuprate [o]  
atom x y z U 
Br1 -0.0196(5) 0.5231(3) 0.24221(8) 0.0124(7) 
 Appendix 1:Crystal Structures 
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Br2 0.5164(5) -0.0523(3) 0.25773(8) 0.0132(7) 
Br3 0.2731(5) 0.2735(3) 0.31514(8) 0.0141(7) 
Br4 0.2326(5) 0.1987(3) 0.18502(8) 0.0137(7) 
Cu 0.2489(7) 0.2348(4) 0.24995(10) 0.0096(7) 
N1 0.244(4) -0.284(3) 0.3094(7) 0.026(7) 
C1 0.289(6) -0.218(4) 0.3435(10) 0.035(9) 
C2 0.176(6) -0.296(4) 0.3727(9) 0.028(9) 
C3 0.264(6) -0.265(4) 0.4086(9) 0.026(8) 
C4 0.395(5) -0.379(4) 0.4231(10) 0.026(8) 
C5 0.480(6) -0.353(4) 0.4560(9) 0.039(9) 
C6 0.417(6) -0.231(5) 0.4767(11) 0.037(10) 
C7 0.287(7) -0.108(5) 0.4637(11) 0.043(10) 
C8 0.216(6) -0.138(4) 0.4309(9) 0.031(9) 
N2 0.264(3) 0.757(2) 0.1932(5) 0.005(5) 
C9 0.203(4) 0.706(3) 0.1564(7) 0.009(6) 
C10 0.315(5) 0.783(4) 0.1273(9) 0.021(8) 
C11 0.245(5) 0.760(3) 0.0917(8) 0.014(6) 
C12 0.307(5) 0.620(4) 0.0679(8) 0.020(8) 
C13 0.216(6) 0.602(4) 0.0352(9) 0.029(8) 
C14 0.090(5) 0.702(4) 0.0235(10) 0.026(8) 
C15 0.056(7) 0.843(6) 0.0465(12) 0.060(14) 
C16 0.119(6) 0.869(5) 0.0797(11) 0.035(10) 
H1 0.27496(-) -0.09058(-) 0.34351(-) 0.04195(-) 
H1' 0.41414(-) -0.24450(-) 0.34839(-) 0.04195(-) 
H2 0.16157(-) -0.42180(-) 0.36863(-) 0.03318(-) 
H2' 0.05848(-) -0.24119(-) 0.37243(-) 0.03318(-) 
H4 0.42700(-) -0.47835(-) 0.40956(-) 0.03104(-) 
H5 0.57755(-) -0.42174(-) 0.46292(-) 0.04649(-) 
H6 0.45746(-) -0.22294(-) 0.50058(-) 0.04478(-) 
H7 0.25283(-) -0.00996(-) 0.47750(-) 0.05193(-) 
H8 0.12493(-) -0.06206(-) 0.42321(-) 0.03746(-) 
H21 0.23189(-) -0.40148(-) 0.31058(-) 0.03852(-) 
H21' 0.32961(-) -0.25681(-) 0.29350(-) 0.03852(-) 
H21" 0.14025(-) -0.23622(-) 0.30218(-) 0.03852(-) 
H9 0.20545(-) 0.57835(-) 0.15431(-) 0.01026(-) 
H9' 0.08007(-) 0.74483(-) 0.15313(-) 0.01026(-) 
H10 0.32845(-) 0.90890(-) 0.13192(-) 0.02488(-) 
H10' 0.43268(-) 0.72982(-) 0.12839(-) 0.02488(-) 
H12 0.40152(-) 0.54549(-) 0.07417(-) 0.02388(-) 
H13 0.25032(-) 0.50830(-) 0.02033(-) 0.03499(-) 
H14 0.02815(-) 0.68188(-) 0.00194(-) 0.03144(-) 
H15 -0.02042(-) 0.93017(-) 0.03753(-) 0.07220(-) 
H16 0.07640(-) 0.96035(-) 0.09412(-) 0.04161(-) 
H22 0.38300(-) 0.76694(-) 0.19337(-) 0.00775(-) 
H22' 0.23017(-) 0.67449(-) 0.20907(-) 0.00775(-) 
H22" 0.21490(-) 0.86071(-) 0.19929(-) 0.00775(-) 
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Summary 
This thesis discusses the use of organic-inorganic hybrids in the development of 
soluble magnetic electronic materials. Organic-inorganic hybrids combine organic 
and inorganic materials at the molecular level. The organic materials are known for 
their flexibility, ease of processing and low costs and are nowadays mainly used in 
plastics. For functional use in electronics, inorganic materials are currently 
preferred because of their robust magnetic/electric properties and thermal stability. 
The field of organic-inorganic hybrids aims at combining the interesting properties 
of these two classes into a single material. This study is particularly focused on the 
design of hybrids that combine magnetism, semiconductivity and processability. 
Such hybrids could be of interest for applications in cheap and printable single-use 
electronics that require both data storage and data processing. Moreover, this 
combination of unique parameters is rarely observed in conventional materials and 
is therefore, also from a fundamental point of view, an interesting place to start the 
exploration of the field of organic-inorganic hybrids. 
The number of possible organic-inorganic hybrids is infinitely large. We have put or 
focus on soluble crystalline organic-inorganic hybrids with a composition 
MCl3+x(YNH3)1+x, in which M is a divalent magnetic metal ion and Y is the organic 
group. This class of organic-inorganic materials can provide a direct connection 
between the inorganic moieties, which allows for strong magnetic interactions. The 
organic molecule Y is connected to these magnetic inorganic architectures via the 
hydrogen-bonds between the ammoniumgroup (-NH3) and the chlorine atoms. The 
organic group does not only provide the solubility and flexibility of the hybrid but 
can also contribute to the conductivity: the use of conjugated organic ring systems 
can result in an additional channel for carrier transport.  
We studied the effect of variations in the magnetic ion (M= Mn, Fe, Co, Ni and Cu) 
on the structure and properties of the otherwise chemically identical hybrids. 
Although the crystal structure of the starting components is very similar for each 
metal ion, the variation in magnetic ions has a large effect on the structure of the 
hybrid. The Mn-, Cu- and Fe- based hybrid form hybrids with 2-dimensional 
inorganic sheets, which are intersected by layers of organic molecules.  The Ni- and 
Co- hybrids have 1- and 0- dimensional inorganic moieties, respectively. This 
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structural deviation is caused by the relatively small M-Cl distance and the electron 
configuration of the metal ions.  
Also the effect of the organic component on the structure and properties was 
observed. The copper based hybrid was synthesized with a variation of different 
organic groups. For the larger organic moieties, the crystal growth was limited due 
to solubility issues. The smaller organic moieties form 2-dimensional inorganic 
arrays. The degree of freedom in organic cations can be utilized in optimizing the 
electronic properties of the material. By adjusting the size of the organic moiety 
with respect to the parameters of the inorganic square lattice, the electronic 
overlap between the organic rings can be optimized. This relation is supported by 
the calculated electronic band-structure: the energy level of the organic highest 
occupied molecular orbital clearly reflects the trend in electronic overlap between 
the molecules. This level lies closer to the Fermi level when the - stacking 
increases. 
The inorganic backbone confines the magnetic system and therefore its 
dimensionality has a large influence on the macroscopic magnetic properties. A 
hybrid with 0-dimensional inorganic moieties shows no magnetic order as the 
distance between the magnetic ions is large. For the hybrids with 1- and 2- 
dimensional inorganic arrays the magnetic ordering temperatures are suppressed 
by the low dimensionality of the magnetic system, but long range order is 
eventually realized by the presence of magnetic anisotropy. The long range 
magnetic order sets in at 8, 13, 47 and 102 K for the Ni-, Cu-, Mn- and Fe- hybrid 
respectively. The magnetic interactions are mediated by the non-magnetic chlorine 
atoms between the magnetic ions; this superexchange results in canted 
antiferromagnetic order in the Ni-, Mn- and Fe- hybrids. The Cu-hybrid is, however, 
ferromagnetic, due to the orbital ordering of the Jahn-Teller distorted octahedra. 
Especially the 2-dimensional hybrids show magnetic memory effects that could be 
of relevance for applications.  
The transition-metal-based hybrids show resistivities in the order of GΩ*m and 
have a bandgap between 1.5 and 2.5 eV. Any relation between the dimensionality 
of the inorganic network and the resistivity is absent: the low dimensional Co-
hybrid has a resistivity of approximately 1 G m, similar to the values for the 1- 
and 2-dimensional hybrids.  
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This similarity in the resistivity for all the dimensionalities can be a result of a 
parallel conduction channel in the organic component: the decreased conductivity, 
due to the low dimensionality of the inorganic component is compensated by the 
increase in conductivity of the organic component.  
The hybrids crystal interface can be chemically doped by evaporating a layer of an 
organic electron donor (TTF) on top. The doped interface exhibits an enhanced 
conductance by five orders of magnitude and a reduced activation energy of 0.17 
eV. The structural phase transition near 240K of the pure hybrid can be observed in 
the resistance of the doped interface. This is evidence that the charge transport is 
associated with the hybrid-TTF interface and not restricted to the TTF-layer.  
The organic-inorganic hybrids contain a cooperatively ordered hydrogen-bond 
network, in which electric polarization can be generated. The Cu-hybrid, for 
example, shows an improper polar phase transition just above room temperature. 
The onset of the hydrogen-bond ordering coincides with the buckling of the 
octahedra in the inorganic component. The polarization reaches a value of 220 
C/m2 and is the result of a coherent displacement of the ammonium group. The 
hydrogen-bond induced polarization is expected to be a general feature for this 
class of 2-dimensional hybrids. It is likely to occur also in the Mn- and Fe- based 
hybrids that show canted antiferromagnetic structures with Tc up to 100 K. The 
organic-organic hybrids, thus, give an alternative approach for making materials in 
which ferromagnetic and ferroelectric orders are coupled. Such materials are 






Kranten met bewegende beelden in plaats van statische foto’s: Het is tot dusver 
alleen mogelijk in de fictieve wereld van Harry Potter. Toch lijkt het ook in onze 
wereld niet ondenkbaar: het onderzoek naar goedkope, flexibele en printbare 
elektronica is in volle gang! De bewegende beelden op bijvoorbeeld een computer 
zijn gebaseerd op gegevens die zijn opgeslagen op een harde schijf die via de 
processor worden omgezet in beelden die je op je beeldscherm kan zien. Deze 
onderdelen zijn nu meestal gebaseerd op onoplosbare materialen en zijn 
ongeschikt voor het gebruik in geprinte elektronica. Wetenschappers zijn nu op 
zoek naar alternatieve materialen die oplosbaar zijn en voor data opslag kunnen 
worden gebruikt.  
Dit proefschrift beschrijft hoe organisch-anorganische hybrides gebruikt kunnen 
worden in de ontwikkeling van oplosbare magnetische elektronica. Het woord 
“hybride” wordt voor van alles gebruikt: van auto’s tot bastaards tot laptops. Ook 
in de chemie en de natuurkunde kan het vele betekenissen hebben, maar in dit 
proefschrift gebruiken we de term “organische-anorganische hybrides” slechts voor 
kristallijne materialen die organische en anorganische componenten op een 
moleculaire schaal combineren. Deze hybrides zijn interessant omdat ze de 
eigenschappen van organische materialen met die van anorganische materialen 
kunnen combineren. Organische materialen zijn vooral bekend om hun flexibiliteit, 
lage kosten en het gemak waarmee ze verwerkt kunnen worden en de bekendste 
toepassing is plastic. Voor functioneel gebruik in elektronica worden echter 
steevast anorganische materialen gebruikt. Deze materialen hebben robuuste 
elektronische en magnetische eigenschappen en verdienen daarom de voorkeur, 
ondanks de hogere kosten van het ruwe materiaal en de verwerking ervan. 
Dit onderzoek heeft als doel om deze interessante eigenschappen samen te 
brengen in één materiaal: de organische-anorganische hybrides. Het specifieke 
doel is om hybrides te ontwerpen die magnetisme, gemakkelijke verwerking en 
goede elektronische eigenschappen combineren. Zulke materialen zouden 
uitstekend van pas komen in een krant met bewegende beelden, en zijn ook vanuit 
fundamenteel oogpunt een goede plek om de zoektocht te beginnen, omdat deze 
combinatie tot dusver amper voorkomt. 
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Er zijn nogal wat kristallijne organische-anorganische hybrides en wij hebben ons 
gericht op de materialen met de chemische formule: MCl3+x(YNH3)1+x, waarin M een 
tweewaardig metaal ion is en Y een organische groep. Juist deze klasse hybrides is 
zo interessant omdat er een directe koppeling mogelijk is tussen de anorganische 
componenten. De ammoniumgroep (-NH3), die onderdeel is van het organische 
deel, voelt zich aangetrokken tot de chloor atomen in het anorganische deel. 
Daardoor kunnen deze hybrides vanuit een oplossing uit zichzelf “laagjes”, “ketens” 
of “eilandjes” van anorganische materialen vormen, die worden omgeven door 
organische groepen.  
We hebben hybrides met verscheidene organische groepen geprobeerd te 
synthetiseren. De organische groep in de hybride zorgt niet alleen voor de 
flexibiliteit en de oplosbaarheid maar kan ook een bijdrage leveren aan het 
elektronisch transport: Als geconjugeerde organische groepen op de juiste manier 
worden gestapeld, ontstaat er een extra route voor de ladingsdragers. Een reeks 
van Cu hybrides met kleine geconjugeerde organische groepen is gesynthetiseerd, 
die de zogenaamde laagjes van de anorganische component bevatten. Door de 
grote van het organische deel af te stemmen op deze anorganische lagen kan de 
elektronische overlap van de organische groepen worden geoptimaliseerd. Deze 
relatie werd bevestigd door de elektronische banden structuur: Naarmate de 
overlap toeneemt, komt de energie van de organische geleidingsband dichter bij 
die van de ladingsdragers. 
Ook hebben we het effect van variaties in het magnetische ion (M= Mn, Fe, Co, Ni 
en Cu) op de uiteindelijke structuur bestudeert. Ondanks dat al deze materialen 
chemisch heel erg op elkaar lijken, werden zeer verschillende structuren gevormd. 
De materialen gebaseerd op mangaan (Mn), ijzer (Fe) en koper (Cu) vormen 
hybrides met anorganische laagjes. De hybrides met nikkel (Ni) en kobalt (Co) 
vormden echter een hele andere structuur met respectievelijk anorganische ketens 
en eilandjes. De verschillen in structuur zijn het gevolg van de grootte van de 
magnetische ionen en de verschillende elektronische structuur.  
De magnetische ionen bevinden zich in het anorganische netwerk. Het 
anorganische netwerk heeft dus veel invloed op de magnetische eigenschappen. 
De magnetische eigenschappen hangen weinig af van de organische moleculen en 
ook de afstand tussen de laagjes, ketens en eilandjes maakt weinig uit. De hybride 
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met magnetische eilandjes laat geen magnetische ordening zien, omdat de 
eilandjes geen magnetische interactie met elkaar hebben. In de hybrides met 
anorganische ketens en laagjes zien we wel magnetische orde met 
ordeningstemperaturen tot 100 K (=-173°C). Magnetische ionen communiceren via 
het tussengelegen chloor ion. Dit resulteert in een antiferromagnetische ordering 
voor de hybrides met Mn, Ni en Fe. De Cu hybride vormt een uitzondering: door de 
Jahn-Teller verstoring van de omgeving is dit materiaal ferromagnetisch. Vooral de 
hybrides met “laagjes” laten een magnetisch geheugen effect zien dat essentieel is 
voor het opslaan van data. Deze eigenschappen zijn nu alleen nog aanwezig 
beneden kamertemperatuur, maar er zijn voldoende aanknopingspunten om deze 
materialen te optimaliseren voor de printbare elektronica van de toekomst. 
De hybrides gebaseerd op overgangsmetalen zijn erg isolerend en hebben een 
weerstand ter grootte van GΩ*m en een band gap tussen de 1.5 en 2.5 eV. Er lijkt 
geen relatie te bestaan tussen de dimensie van de anorganische component en de 
weerstand: de hybrides met laagjes, ketens en eilandjes hebben allemaal een 
vergelijkbare elektrische weerstand. De hybrides kunnen meer geleidend worden 
door dotering met andere organische materialen aan het kristal oppervlak. Het 
aanbrengen van een laag organische elektronen donor (TTF) resulteert in een 
toename in de geleiding met 5 orde van grootte en een reductie van de 
activeringsenergie tot 0.17 eV 
Naast de magnetische orde laten de hybrides ook een elektrische ordering zien. 
Het netwerk van waterstofbruggen tussen de ammoniumgroep en het chloor ion 
kan zich coöperatief ordenen en zo kan een macroscopisch dipool moment 
ontstaan: polarisatie. De Cu-hybride laat een polaire fase overgang zien, net boven 
kamer temperatuur. Het ontstaan van de polarisatie valt samen met het ontstaan 
van een verdraaiing in de anorganische laag. De polarisatie heeft een waarde van 
220 C/m2 en ontstaat door een verschuiving van het stikstof atoom ten opzichte 
van de anorganische laag. Deze orde is waarschijnlijk ook aanwezig in de andere 
hybrides met laagjes. Deze polarisatie is interessant omdat deze, naast de 
magnetische ordering, ook gebruikt kan worden om data op te slaan. Het komt het 
weinig voor dat materialen zowel polaire als magnetische orde laten zien. Er is veel 
onderzoek gaande naar materialen waarin er een koppeling bestaat tussen deze 
ordes, omdat het alternatieve mogelijkheden bied voor data opslag en verwerking. 
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